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CHAPTER 1

INTRODUCTION

Semiconducting properties of organic materials were first reported in the early 1950’s

and studies continued through the 1960’s mainly focusing onthe photogeneration of charge

carriers, charge carrier mobility and electroluminescence of organic crystals such as naptha-

lene, anthracene and tetracene [1–5]. By the mid-1960’s andinto the 1970’s the focus on

organic polymers was growing, due to expected synthesis andprocessing advantages, and

the conductivity and charge carrier mobility in doped polymer systems was investigated

for photoconductor applications such as xerography [6, 7].The combined results of this

work demonstrated that this interesting class of materialswas promising for use in elec-

tronic and optoelectronic applications.

Electronic and optoelectronic devices based on conjugatedorganic semiconductors,

in the forms of small molecules as well as polymers, have beenthe subject of increased

research over the past few years. The interest in devices such as organic light-emitting

devices (OLEDs) [8–13], organic field-effect transistors (OFETs) [14–20] and organic

photodetectors arises from the promise of the availabilityof a wider range of organic

materials and the ability to tune the electronic and optoelectronic properties of the active

organic materials, in addition to proposed processing advantages such as [21–24]:

• fabrication at low temperature and over large area;
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• deposition from solution and by direct printing;

• use of molecular self-assembly methods.

It is expected that these advantages will allow organic electronic and optoelectronic de-

vices to be used in applications and configurations that are difficult to acheive with in-

organic materials, for example in applications requiring large area displays and sensor

arrays, fabrication on flexible substrates or curved surfaces.

1.1 Organic semiconductors

Organic materials can be roughly classified into three categories: small molecules,

oligomers and polymers. For comparison, the organic small molecules can be considered

to be a short, non-repetitive, sequence of covalently-bonded atoms with a carbon back-

bone and typical molecular weights in the range of several hundred (i.e.,. 500), as shown

in Figure 1.1(a) and (b). On the other end of the scale, the organic polymers are very

large molecules that consist of many repeated units (monomers), with molecular weights

in the thousands and greater (i.e.,& 2000), as shown in Figure 1.1(d). The oligomers fall

in the range of molecular weights between that of the small molecules and polymers and

consist of only a few repeated units, but are generally too short to be considered polymers

as shown in Figure 1.1(c). The organic molecules that consist of alternating single and

double carbon-carbon bonds are said to be conjugated and oneof the simplest cases of an

organic polymer, polyacetylene, is shown in Figure. 1.2. The single carbon-carbon bonds

are termedσ-bonds and correspond to highly localized electrons on the molecule. The

double carbon-carbon bonds consist of aσ-bond, which is again highly localized, and a

π-bond, which is formed from the overlap of thepz atomic orbitals and corresponds to a

delocalizedπ-electron system along the backbone of the molecule. With proper design,

conjugated molecules possess the proper molecular orbitalenergy structure to result in an
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energy gap between a filledπ-band (i.e., Highest Occupied Molecular Orbital, or HOMO)

and an emptyπ-band (i.e., Lowest Unoccupied Molecular Orbital, or LUMO)as shown

in Figure 1.3(a). This energy gap is termed the HOMO-LUMO gapand is in the range of

approximately 1 to 4 eV, corresponding to a wide range of optical energies. In general,

we can make the rough assumption that the HOMO level, LUMO level and the HOMO-

LUMO gap roughly correspond to the top of the valence band, bottom of the conduction

band and the energy band gap of crystalline inorganic materials.

It is important (and interesting) to note the main differences between the crystalline

Figure 1.1: Chemical structure of the organic molecules (a)pentacene, (b) tetrabenzoporphyrin (c)
sexithiophene and (d) poly-3-hexylthiophene.

Figure 1.2: Chemical structure of the organic polymer polyacetylene describing the alternating
double- (π) and single- (σ) carbon-carbon bonds.

inorganic semiconductors, such as Si and GaAs, and the conjugated organic semiconduc-

tors, such as pentacene and F8T2 [poly(9,9-dioctylfluorene-co-bithiophene)] alternating

copolymer from the Dow Chemical Company. Crystalline inorganic semiconductors are
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Figure 1.3: (a) Energy levels of a single molecule demonstrating the Highest Occupied Molecular
Orbital and Lowest Unoccupied Molecular Orbital. (b) Schematic intermediate range
of an amorphous conglomeration of several molecules and thecorresponding broaden-
ing of the molecular orbitals and breaking of conjugation that leads to allowed states
within the energy gap. (c) Schematic density of states for anamorphous film of an
organic (or inorganic) semiconductor showing the band edges (band-tails) as well as
the allowed states within the gap.

characterized by a three-dimensional network in which the atoms are all connected by co-

valent bonds with bonding energies on the order of 75kcal/mole (for Si–Si bonds) [25].

The semiconductivity of the material arises as a property ofthe entire system and the

conduction and valence bands are relatively wide due to the strong interatomic bonds, re-

sulting in numerous delocalized states and a relatively high charge carrier mobility. By

contrast, for the case of the conjugated organic semiconductors, the intermolecular forces

are weak van der Waal forces with typical energies of 10kcal/mole. Since the energies

of these interactions are relatively weak, the electronic properties of the organic material

arise mostly from the properties of the individual molecule. Another consequence of the

weak intermolecular interactions is that the energy bands resulting from the interaction

of the collective LUMO levels, as well as the collective HOMOlevels, is relatively nar-

row, resulting in charge transport that is mostly limited bytransport via localized states

and a relatively low charge carrier mobility, as shown schematically by the density of

states of the organic thin-film presented in Figure 1.3(c). The charge transport in conju-

gated organic materials occurs through both intramolecular and intermolecular processes
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and is described in more detail below. The main ideas that canlead to enhancement of

the charge transport properties of conjugated organic semiconductors are that of extended

π-conjugation andπ-stacking and refer to the degrees of conjugation and crystallinity of

the organic material, respectively. For example, fused ring polymeric derivatives based

on aromatic and/or heteroaromatic molecules can provide molecular geometries that are

more planar and can lead to more extended ground state conjugation [26]. Additionally,

the planarity of the molecules allows for better organization of the molecules, reducing

the molecular separation and strengthening the intermolecular interactions, and thereby

enhancing charge carrier transport.

For the case of conjugated organic small molecules, pentacene is by far the most

studied and its chemical structure is shown in Figure 1.1(a)[27–39]. In general, pen-

tacene exhibits p-type semiconducting behavior with field-effect hole mobilities in excess

of 0.1cm2/Vs and approaching that of hydrogenated amorphous silicon.Several groups

have reported n-type transistor action from vacuum sublimed or evaporated [40–42] and

solution deposited small molecules [43]. Recently, solution-processible porphyrin-based

organic molecules have been of interest, namely tetrabenzoporphyrin shown in Figure

1.1(b) [44,45].

In general, it has been observed that the majority of the organic semiconductors, es-

pecially in the form of polymers, present hole mobilities (≈ 10−2 cm2/Vsec) much greater

than electron mobilities, i.e., p-type transistor action is much easier to observe than n-

type transistor action. However, recently it has been demonstrated by Chua, et al., that

this observation is often misleading. With the use of sourceand drain electrodes with the

proper work function and especially with the use of a hydroxyl-free gate dielectric, n-type

transistor action (i.e., appreciable electron mobility approaching≈ 10−2 cm2/Vsec) is ob-

served [46]. Chua explained that the reduction of electron mobility in the studied materials
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is due to the trapping of electrons at the gate dielectric interface by the hydroxyl groups of

the gate dielectric when insulators such as SiO2 are used.

Conjugated copolymers, such as F8T2, demonstrate the usefulness of organic semi-

conductors in that they are synthesized from a combination of two (or more) different

monomers in order to create a molecule with certain energetic and morphological charac-

teristics. In general, synthesizing materials to achieve certain desired characteristics can

result in materials with properties such as light emission or absorption with a specific spec-

trum, enhanced transport of a specific charge species, enhanced environmental stability,

processing from solution, etc. In the case of F8T2, the molecule is co-polymerized, using

the “Suzuki reaction” from two monomers: 9,9-dioctylfluorene alternating with dithio-

phene [47–50]. The resulting molecules are of the “hairy rod” type, with weight averaged

molecular weights (Mw) between 30 and 150 kg/mol and thermotropic, nematic liquid

crystalline properties. The glass transition (Tg) and liquid crystal transition (TXL−N) gen-

erally occur around 130◦Cand 265◦C, respectively [52]. The liquid crystalline properties

of F8T2 have allowed several groups to demonstrate an enhancement of the charge car-

rier mobility by enhancing the crystallinity of the material (i.e., increasingπ-stacking),

as well as through the alignment of the molecules with respect to the channel of the de-

vice [49,51–53].

As mentioned above, solution deposition and processing of high-quality conjugated

organic semiconductors is also a major goal and proposed advantage over crystalline inor-

ganic semiconductors. So far, F8T2 has proved that this is not an empty promise. Several

groups have shown that an F8T2 ink can be used with advanced inkjet printers and working

electronic circuits can be fabricated [50,54–56].
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1.2 Outline of this thesis

The electrical performance of electronic devices based on this unique class of conju-

gated organic semiconductors, such as organic field-effect transistors (OFETs) has steadily

increased over the past several years [21–23,56–59]. This increase can be attributed to the

development of high quality organic semiconductors and engineering of device structures

and fabrication methods, as well as to the progress made in understanding the underlying

physics of organic materials and devices. One important factor in the development of this

class of materials and devices is the ability to reliably compare the various performance

parameters (i.e., field-effect mobility, threshold voltage and ON/OFF ratio) extracted by

different research groups and for different devices. The first topic of this thesis, presented

in Chapter 2, is a discussion and development of the methods used to extract the field-effect

mobility from the transfer characteristics of organic (polymer) field-effect transistors. We

discuss the limitations of and problems with the use of the conventional extraction meth-

ods. We show that some of these limitations can be overcome bytaking into account the

dispersive nature of charge transport through an amorphoussemiconductor, which leads

to a gate-bias dependence of the charge carrier mobility (i.e., field-effect mobility). Tak-

ing this dependence into account allows for a more reliable and reproducible parameter

extraction method.

Additionally, since many of the proposed uses of OFETs will involve the purposeful

or possible exposure of the device to light (i.e., as a sensorin a photodetector array or as

driving circuitry in active matrix displays), it is important to understand the effects, as well

as the underlying physics, of illumination on the electrical performance of these devices.

The second topic of this thesis, presented in Chapter 3 is ourstudy of the electrical perfor-

mance of OFETs exposed to both broadband and monochromatic illumination.
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An interesting application of organic semiconducting materials is in photodetectors.

These detectors can be classified into two main groups: two-terminal photodiodes and

three-terminal phototransistors. A number of groups have described conjugated organic

polymer-based photodiodes in various configurations and excellent reviews can be found

in [60–62]. Several groups have discussed organic photodiode structures utilizing a blend

of different polymers [63], incorporating a composite of a small molecule (such as C60)

and a polymer [64–67], using a multilayer structure composed of alternating layers of var-

ious polymers [68], in a microcavity [69], and combined withhydrogenated amorphous

silicon (a-Si:H) thin-film transistor (TFT) addressing [70]. Still other groups have reported

two-terminal photodetectors in a lateral configuration based on a self-assembled layer of

a DNA derivative [71] and which have been optimized for optical detection in the near

infrared [72].

However, a much smaller number of groups have demonstrated the effects of illumina-

tion on the electrical performance of three-terminal, polymer-based OFETs or the use of

these devices as photosensors, which is also described in Chapter 3. Zukawa, et al., have

demonstrated an organic heterojunction-based phototransistor [73]. Schön and Klock have

shown the use of a pentacene-based metal-semiconductor field-effect transistor as a photo-

transistor [74]. Additionally, Narayan, et al., have described, in limited detail, an organic

polymer field-effect transistor that responds to light [75, 76]. In this chapter, the perfor-

mance of our gate-planarized OFET as a photodetector is described.

Before devices such as OFETs can be commercialized and integrated into applica-

tions such as smart cards and flat-panel displays, it is important that the non-idealities

and instabilities of the devices be understood and brought under control. Currently, the

device-to-device reproducibility of organic electronicsis relatively poor, compared to that

of other thin-film and bulk/crystalline electronic devices (such as hydrogenated amorphous
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silicon and silicon, respectively). Additionally, it has been observed that organic thin-film

transistors can exhibit significant non-idealities in the measured electrical characteristics.

Specifically, the electrical characteristics can be significantly different depending on both

the electrical characteristics sweep direction (i.e., OFF-to-ON or ON-to-OFF) and on the

previous state of the device (i.e., if the device was biased into the ON-state for a certain

amount of time before the electrical characteristics were measured). These effects, which

are attributed to localization of charge carriers, which leads to changes in the threshold

(or turn-on) voltage of the device, are described in the nexttwo chapters of this thesis.

Namely, the hysteresis in the measured electrical characteristics is discussed in Chapter 4

and the instabilities of OFETs, studied through the use of bias-temperature stress (BTS),

are discussed in Chapter 5. We also demonstrate that the hysteresis can be eliminated from

the electrical characteristics of our devices by incorporating an intermediate organic insu-

lator layer between an inorganic insulator and the organic semiconductor layers. We have

performed negative/positive, DC/AC BTS and analyzed the results with theory developed

for bias stress effects in amorphous semiconductors. From the BTS work, we extract a

form of the density of states of the active organic semiconductor layer and relate it to the

experimentally observed instabilities of the OFETs.

Finally, the subject of Chapter 6 is our characterization ofthe density of trap states

within the polymer active layer. This characterization hasbeen performed by the use of an

interesting experimental technique, the photodischarge measurement, in which after forc-

ing charge carriers to be trapped into the localized states within the channel layer of the

device and after waiting a certain delay time, the residual trapped charge is probed with an

illumination pulse. By performing the fits described in thischapter, we are able to study

the kinetics of the trap states and characterize the densityand energetic distribution of the

trap states of the active organic semiconductor layer. These results are compared to, and
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found to be very consistent with, the results from the other chapters of this work.

This thesis concludes with Chapter 7, where the major conclusions derived from the

work of this thesis are summarized. Several ideas regardingpossible future work and

directions are also briefly discussed in the concluding chapter.
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[68] P. Peumans, V. Bulović, and S. R. Forrest, “Efficient, high-bandwidth organic multilayer pho-
todetectors,”Appl. Phys. Lett., vol. 76, pp. 3855–3857, 2000.

[69] J. M. Lupton, R. Koeppe, J. G. Müller, J. Feldmann, U. Scherf, and U. Lemmer, “Organic
microcavity photodiodes,”Adv. Mater., vol. 15, pp. 1471–1474, 2003.

[70] R. A. Street, J. Craham, Z. D. Popovic, A. Hor, S. Ready, and J. Ho, “Image sensors com-
bining an organic photoconductor with a-Si:H matrix addressing,” J. Non-Cryst. Solids, pp.
1240–1244, 2002.

[71] R. Rinaldi, E. Branca, R. Cingolani, S. Masiero, G. P. Spada, and G. Gottarelli, “Photode-
tectors fabricated from a self-assembly of a deoxyguanosine derivative,”Appl. Phys. Lett.,
vol. 78, pp. 3541–3543, 2001.

[72] D. Natali, M. Sampietro, M. Arca, C. Denotti, and F. A. Devillanova, “Wavelength-selective
organic photodetectors for near-infrared applications based on novel neutral dithiolenes,”
Synth. Met., vol. 137, pp. 1489–1490, 2003.

[73] T. Zukawa, S. Naka, H. Okada, and H. Onnagawa, “Organic heterojunction phototransistor,”
J. Appl. Phys., vol. 91, pp. 1171–1174, 2002.

[74] J. H. Schön and C. Kloc, “Organic metal-semiconductorfield-effect phototransistors,”Appl.
Phys. Lett., vol. 78, pp. 3538–3540, 2001.

[75] K. S. Narayan, A. G. Manoj, T. B. Singh, and A. A. Alagiriswamy, “Novel strategies for
polymer based light sensors,”Thin Solid Films, vol. 417, pp. 75–77, 2002.



16

[76] K. S. Narayan and N. Kumar, “Light responsive polymer field-effect transistor,”Appl. Phys.
Lett., vol. 79, pp. 1891–1893, 2001.



CHAPTER 2

DC CHARACTERISTICS OF PF-BASED OFETS

In this chapter, the structure of the device used in all of theexperiments in this thesis

is described. Next, the DC operation and electrical performance parameter extraction

methods and models of polyfluorene-based organic field-effect transistors (OFETs) are

discussed. We present a method of extracting the field-effect mobility from the transfer

characteristics of OFETs, in both the linear and saturationregimes, by accounting for

the dependence of the mobility on the gate bias, which translates to a dependence on the

accumulated density of majority charge carriers in the channel. This method is compared

to the commonly used extraction methods, which are based on the standard MOSFET

square-law drain current equations that do not account for the variation of mobility with the

applied gate bias. We show that by using the standard MOSFET equations, the extracted

field-effect mobility can be significantly overestimated. We also demonstrate the use of the

proposed method to extract the field-effect mobility at different measurement temperatures,

as well as the dependence of the extracted parameters on temperature. Additionally, the

contact resistance and intrinsic device performance are investigated through the use of

the transverse line method (TLM). Finally, the performanceof these devices under high

gate-to-source and drain-to-source electric fields is presented.
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2.1 Device structure

A schematic cross-section of the device used in this study isshown in Figure 2.1(a),

along with a TEM cross-section in Figure 2.1(b). A top-view of one device is shown in

Figure 2.1(c). The device is an inverted, defined-gate, gate-planarized, coplanar thin-film

transistor [1–3]. Indium tin oxide (ITO) was used for the source and drain contacts, ben-

zocyclobutene (BCB) was used as the gate-planarization layer and also functions as a gate

insulator, PECVD hydrogenated amorphous silicon nitride (a-SiN:H) was used as a sec-

ond gate insulator layer, and chromium (Cr) was used for the patterned gate electrode. For

the case of these devices, the usefulness of the BCB planarization layer is limited. How-

ever, if a thicker gate electrode is to be used, the planarization will allow for better step

coverage of the subsequently deposited layers [4]. The devices were fabricated on a sili-

con substrate (with a thick, thermally grown silicon dioxide layer) to facilitate processing

in standard microelectronic fabrication equipment; however, this device structure could

easily be fabricated on a transparent glass or flexible plastic substrate. We used a 1wt%

solution of the organic semiconductor F8T2 [poly(9,9-dioctylfluorene-co-bithiophene)] al-

ternating copolymer dissolved in either xylenes or mesitylenes. F8T2 is described in more

detail in the following section. The polymer film was deposited by spin-coating and cured

in a vacuum oven at 90◦C, providing a uniform and unpatterned film with an approximate

thickness of 1000Å. By ”curing”, we mean that the solvent in which the F8T2 was dis-

solved was driven out of the film by heating the sample in a vacuum. The reproducibility

from sample-to-sample and the lack of a change in device performance for devices that

have been used over many months provide evidence that the solvent is completely driven

out of the film through this process, since we would expect a change in device perfor-

mance over time if the solvent was not completely removed in the initial processing of the
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devices. Samples are stored in air, at room temperature under yellow ambient light.

(a) (b)

(c)

Figure 2.1: (a) Cross-section of device structure and chemical structure of F8T2. (b) TEM cross-
section of device structure courtesy of Elvin Beach, Steve Rozeveld, and Charlie Wood
of the Dow Chemical Company. (c) Top-view of device showing gate, source, and
drain. For this device, L= 56µm, W= 116µm and source/drain-gate overlap is 5µm.

2.2 DC operation and measurement

OFETs based on F8T2 exhibit p-channel field-effect transistor behavior (i.e., holes are

accumulated within the channel) as can be seen from the output characteristics (drain cur-

rent versus drain-to-source voltage,ID − VDS ) shown in Figure 2.2(a). As expected, for
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field-effect transistors, the output characteristics show two distinct regions of device oper-

ation: linear and saturation. The non-ideal behavior of thedevice in the linear regime (at

low VDS ) is most likely due to the current crowding associated with the contact resistance

between the polymer channel and the source and drain electrodes [5]. The linear regime

transfer characteristics (drain current versus gate-to-source voltage,ID − VGS ) of a device

in the dark are presented in Figure 2.2(b).

2.2.1 Measurement setup

The transfer characteristics (drain current versus gate-to-source voltage,ID − VGS ) of

the OFET were measured in the dark, at various temperatures using a Karl Suss PM8 probe

station, and an HP4156 semiconductor parameter analyzer controlled by Interactive Char-

acterization Software (Metrics). For the transfer characteristic measurements performed

in this study, we measured the devices from the strong accumulation (i.e., ON-state) to the

OFF-state, as is commonly done. Transfer characteristic measurements performed in this

manner provide more manageable results, since any non-ideal effects that depend on the

applied gate bias, which would gradually accumulate for thecase of measurement from the

OFF-state to the ON-state, occur immediately and completely at the start of the measure-

ment from the ON-state to the OFF-state. A Signatone QuietTemp temperature controller

and hot-chuck were used to control the temperature of the devices between 10◦C and 80◦C.

Except where specified, all measurements were performed in the dark and in ambient at-

mosphere.

The typical bias conditions used to measure the transfer characteristics, in both the lin-

ear and saturation regimes, and the output characteristicsof the devices, are given in Table

2.1. We chose to measure the transfer characteristics from the ON-state to the OFF-state

(i.e., fromVGS = −40V to 20V), as shown in Table 2.1. This measurement method was
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(a)

(b)

(c)

Figure 2.2: (a) Output characteristics of an OFET with L= 16µm, W = 56µm, source/drain-gate
overlap of approximately 5µm (b) Linear regime (VDS < VGS − VT ) transfer character-
istics of same OFET. Lines are fits to equations (2.2) and (2.4). (c) Saturation regime
(VDS ≈ VGS − VT ) transfer characteristics of same OFET.
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chosen because it provides very reproducible data, with a variation in the ON-current of

less than±5% for the linear regime transfer characteristics measuredback-to-back in the

dark. This allows reliable comparison of the electrical performance of the device under

various measurement conditions. The standard method used to extract the linear regime

Table 2.1: OFET Electrical Characteristics Measurement Bias Conditions

Transfer Characteristics

Initial −40V

VG Final 20V

Step +1V

Linear −5Vor − 10V
VD

Saturation VG

VS Common 0V

Output Characteristics

VG −40,−30,−20,−10V

Initial 0V

VD Final −40V

Step −1V

VS Common 0V

field-effect mobility and threshold voltage from the linear regime transfer characteristics

uses the following equation, based on the MOSFET gradual channel approximation [6]:

ID = −µFElinCins
W
L

[

(VGS − VTlin) VDS −
V 2

DS

2

]

(2.1)

or, for low VDS :

ID = −µFElinCins
W
L

(VGS − VTlin) VDS (2.2)

In these equations,µFElin is the linear regime field-effect mobility (cm2/Vs), Cins is the

gate insulator capacitance per unit area (F/cm2), W is the channel width of the device,L is

the channel length of the device,VGS is the applied gate-to-source bias,VDS is the applied

drain-to-source bias, andVTlin is the linear regime threshold voltage given by the following
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equations for MOSFETs [7]:

VTlin = 2φF −
ǫsemi

ǫins
dins

√

4qNe f f
A

ǫsemiǫins
(−φF) + Ve f f

FB (2.3a)

Ve f f
FB = φMS −

Qe f f

Cins
(2.3b)

Here, φF is the electrostatic potential in the semiconductor bulk,ǫsemi and ǫins are the

dielectric constants of the semiconductor and insulator, respectively,dins is the effective

thickness of the insulator,Ne f f
A is the effective acceptor density,φMS is the potential dif-

ference between the metal gate and semiconductor bulk at zero gate bias, andQe f f is

the effective interface charge. For simplicity, we account for thecumulative effect of all

charges, other than that fromNe f f
A , in the semiconductor by assuming an effective charge

Qe f f at the semiconductor-to-gate insulator interface [8]. In actuality, the charges in the

device that affect the threshold voltage of OFETs are the fixed bulk charge, the mobile

charge, and the interface trapped charge. We can associate the negative threshold voltage

of the p-channel OFETs with a density of positively charged states in the semiconductor

channelNT [9].

The subthreshold swing is extracted from the linear regime transfer characteristics, in

the transition from the OFF-state to the ON-state, using thefollowing equation:

ID ∝ 10−VGS�S (2.4)

In this equationS is the subthreshold swing (V/decade), which can be associated with the

density of deep bulk states (NBS ) in the organic semiconductor and interface states (NS S )

at the interface between the gate insulator and organic semiconductor through [10]:

S =
kT

q log(e)

[

1+
qdins

ǫins

( √

ǫsemiNBS + qNS S

)

]

(2.5)

wherek, T , andq are the usual physical parameters,ǫins, ǫsemi anddins have been described

above. Though an exact relation between the subthreshold swing of an OFET and the
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density of states in the active organic semiconductor material has yet to be developed, we

expect that equation (2.5) can provide an estimate since it has been successfully for devices

based on amorphous semiconductors. In other words, we can assume that the subthresh-

old swing can be positively associated with the densities ofbulk states and interface states

(i.e., as the state densities increase, the device will turnon slower with applied gate bias,

and therefore a larger subthreshold swing will be observed). This agrees with the relation

shown in (2.5).

From the linear regime transfer characteristics of the device in the dark, shown in

Figure 2.2(b), we find typical values of the linear regime field-effect mobility, threshold

voltage, and subthreshold swing to be 4× 10−3cm2/Vs, -25V, and 3.0V/decade, respec-

tively.

The standard method used to extract the saturation regime field-effect mobility (µFEsat)

and threshold voltage (VT sat) from the saturation regime transfer characteristics (drain cur-

rent versus gate-to-source voltage,ID − VGS , with VDS ≥ VGS for the saturation regime)

uses the following equation, based on the MOSFET theory [6]:

ID = −µFEsatCins
W
2L

(VGS − VT sat)
2 (2.6)

From the saturation regime transfer characteristics, shown in Figure 2.2(c), we find typ-

ical values of the saturation regime field-effect mobility and threshold voltage to be 5×

10−3cm2/Vs and -20V respectively. In general, we find values of the saturation regime

field-effect mobility to be slightly larger than the field-effect mobility in the linear regime.

2.3 DC performance parameter extraction methods and models

The electrical performance of organic electronic devices,such as organic field-effect

transistors (OFETs) has steadily improved over the past several years [1, 3, 11–13]. This

improvement can be attributed to the development of high quality organic semiconduc-
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tors and to the engineering of device structures and fabrication methods, as well as to the

progress made in explaining the underlying physics of organic materials and devices. One

important factor in the development of this class of devicesis the ability to reliably com-

pare the various performance parameters (i.e., field-effect mobility, threshold voltage and

ON/OFF ratio) extracted for different devices and found by different research groups. In

this section, the methods used to extract the field-effect mobility from the transfer charac-

teristics of OFETs will be discussed.

In the past, several research groups have examined the field-effect mobility in OFETs

from various theoretical perspectives. These studies werebased on either the variable-

range hopping (VRH) model [14–16] or on the multiple trapping and release (MTR)

model [17,18]. For the case of VRH, the transport of charge carriers occurs within organic

molecules by hopping (or tunneling) from one localized state to another, either over a short

distance with a relatively high activation energy or over a longer distance with a smaller

activation energy. In the MTR model, the charge carriers move within organic molecules

from localized states to delocalized states by thermal activation. Charge transport occurs

through the delocalized states until the carriers are trapped into another localized state,

and so on. The derived analytical expressions were shown to agree well with the experi-

mentally determined gate bias and temperature dependence of the field-effect mobility, but

the validity of each model in various organic molecular systems (i.e., well organized small

molecule systems versus amorphous polymer systems) is still under debate.

Other groups have studied the effect of various device fabrication methods on the field-

effect mobility. It was observed that the field-effect mobility has a significant dependence

on the morphology and ordering of the molecules in the thin-film (for both small molecule

and polymers). The ordering of the molecules can be controlled by the deposition tem-

perature and rate for vacuum-deposited small molecules [19–21], by the solvent used for
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deposition from solution [22, 23] and by mechanical treatment of the substrate before the

deposition of the organic semiconductor. Furthermore, it should be noted that the de-

pendence of the charge carrier mobility on the applied gate bias seems to arise from the

variation of the mobility with carrier density in the channel [17, 18, 24]. The density of

charge carriers in the channel is controlled by the applied gate bias (i.e., accumulation of

holes in p-channel devices), therefore, this translates into the observed dependence of the

carrier mobility with the applied gate bias.

The dependence of the field-effect mobility on applied gate bias often results in a non-

ideal behavior of the OFET transfer characteristics with gate-to-source bias, at low drain-

to-source voltage [25, 26]. In this section, we present a tractable method of extracting the

field-effect mobility from the transfer characteristics of OFETs, inboth the linear and sat-

uration regimes. This method is based on the commonly used MOSFET square-law drain

current equations with a modification to allow the dependence on the applied gate bias to

be taken into account. Using this method, we show that the field-effect mobility extracted

using the standard equations can be significantly overestimated, giving results that may be

unreliable [27]. This method is then used to extract the field-effect mobility and related

parameters from the transfer characteristics at different temperatures, and the dependence

of these parameters on temperature is presented.

2.3.1 Extraction methods and discussion

As stated above, the OFET transfer characteristics at low drain voltage do not always

exhibit a perfectly linear behavior with applied gate bias,above the threshold voltage, as in

the case of ideal c-Si MOSFETs. Typical transfer characteristics of an F8T2-based OFET

are shown in Figure 2.3 and Figure 2.4. This deviation from the ideal c-Si MOSFET

behavior, has also been observed in thin-film transistors based on amorphous semiconduc-
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tors, such as a-Si:H TFTs [28–32] where it has been associated with dispersive transport

of the charge carriers (electrons) in a-Si:H [31, 33]. In general, in amorphous and other

low-mobility solids (including organic polymers), the movement of an injected pulse of

charges in a steady electric field produces a completely smeared-out drift of the pulse.

This is due, in part, to heavy trapping of the charge carriersand the slow release from the

traps under thermal excitation. In such a case, it is difficult to define the transit time of

any particular charge carrier. Instead, the time dependence of the current is described by a

power-law:

I (t) ∝ t−s, (0 < s < 2) (2.7)

wheret is time ands is a material dependent parameter related to the dispersivenature of

the transport mechanisms. This type of behavior is known as dispersive carrier transport

in disordered materials.

Figure 2.3: F8T2-based OFET linear regime transfer characteristics. Arrows indicate direction of
measurement.
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Figure 2.4: OFET transfer characteristics in the linear andsaturation regimes. Symbols represent
experimental data, solid lines show fits to equation (2.10) and equation (2.20), respec-
tively.

Linear regime

To accommodate dispersive carrier transport, a general expression for the drain current

has been derived by Merckel, et al from Kishida and Leroux [28–30]:

ID = −µFECins
W
L

1
γ + 1

[

(VGS − VTlin)
γ+1 − (VGS − VTlin − VDS )γ+1

]

(2.8)

The right side of equation (2.8) can be series expanded inVDS to the second order to

give the linear regime drain current as:

ID = −µFECins
W
L

(VGS − VTlin)
γ−1

[

(VGS − VTlin) VDS −
γ

2
V2

DS

]

(2.9)

For lowVDS , the γ2V2
DS term becomes negligible and equation (2.9) reduces to:

Ilin
D = −µFElin0Cins

W
L

(VGS − VTlin)
γ VDS (2.10)

whereµFElin0 is a fitting parameter associated with the field-effect mobility of the device

in the linear regime and the other parameters have been described above. We should note
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that the unit ofµFElin0 is not cm2/Vs but cm2/Vγs.

The modified equation includes an additional parameter,γ, which can be associated

with the non-linearity of the device transfer characteristic at lowVDS [28–31]. The physi-

cal significance ofγ in amorphous semiconductors has often been expressed by:

γ = 2
T0

T
− 1 (2.11)

whereT0 is the characteristic temperature of the semiconductor density-of-states distribu-

tion around the position of the Fermi level [26, 30]. The equation is valid for T < T0.

As an example of the application of this theory to an amorphous semiconductor, consider

the case of a-Si:H TFTs, which are usually operated as n-channel devices. For this case,

T0 is the characteristic temperature (i.e., slope) of the conduction band tail. In a-Si:H,

the non-ideal situation ofγ > 1 is associated with a high density of conduction band tail

states, which can be attributed to variations of the Si-Si bond angles and distances in the

amorphous semiconductor. We have also previously demonstrated for a-Si:H TFTs [34]

thatγ can be significantly under-estimated in cases of non-negligible source and drain se-

ries resistances. Indeed,γ = 1 can be observed for a TFT with both a high density of

conduction band tail states and high source and drain seriesresistances.

To fit the OFET experimental data in the linear regime over a wide gate voltage range,

shown in Figure 2.4, we used equation (2.10) and the fitting parameters summarized in Ta-

ble 2.2. The physical significance ofγ values larger than one in organic devices has not yet

been fully explained. However, we believe that, following the amorphous semiconductor

ideas described above, it can be associated with an energy dependent high density of states

distribution around the Fermi level position, caused by residual disorder in the locally self-

organized polymer film. In other words, the amorphous natureof the organic semiconduc-

tor leads to a density of states with band-tail states at the valence and conduction band

edges. For the case we are dealing with here, i.e., for p-typesemiconductor action,γ is
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Table 2.2: Fitting Parameters Used For Figure 2-3(b).

Linear regime Saturation Regime

W/L 116/36 116/36

Cins (F/cm2) 7.5×10−9 7.5×10−9

µFElin0 or µFEsat0 ×Cins × (W/L) (A/Vγ+1) 7×10−12 1×10−13

µFE (cm2/V s) at VGS − VT = −25V 1×10−3 2×10−3

γ 2.1 2.5

T0 (K) 465 525

VTlin andVT sat (V) -9 -6

related to the slope of the valence band-tail states throughthe characteristic temperatureTo

of the valence band-tail states and is still given by the relation of equation (2.11). As the

carrier concentration increases, localized states are filled and the Fermi level approaches

a region of the density of states of more extended electronicstates (i.e., the band edge)

with higher mobilities. Indeed, the gate voltage dependence of the OFET field-effect mo-

bility has already been connected to the characteristic temperature of the semiconductor

density-of-states distribution around the position of theFermi level,T0 [15]. As stated

above, when the OFET parameter extraction is performed using equation (2.10), the unit

of µFElin0 is not cm2/Vs but cm2/Vγs, and equation (2.10) is therefore used only to extract

γ.

To comment further, we should note that, unlike the case of amorphous organic ma-

terials we are dealing with here, the case of a more crystalline (ordered) small molecule

organic semiconductor allows a possible connection between the molecular structure and

the density of states (i.e.,γ) of a thin film, through computer simulations. The case of

amorphous materials introduces disordered molecular potentials, due to morphological

and conformational variations in the molecules that make upthe film, which are more dif-

ficult to simulate with a reasonable amount of resources (including time). Alternatively,
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it is also possible to rewrite equation (2.10) as:

Ilin
D = −µFElin0 (VGS − VTlin)

γ−1 Cins
W
L

(VGS − VTlin) VDS (2.12)

which becomes:

Ilin
D = −µFElin (VGS ) Cins

W
L

(VGS − VTlin) VDS (2.13)

with:

µFElin (VGS ) = µFElin0 (VGS − VTlin)
γ−1 (2.14)

Equation (2.13) is very similar to the standard MOSFET equation (2.2) in the linear

regime, but contains the gate voltage dependence of the field-effect mobility. It is therefore

inaccurate to extractµFElin from equation (2.2), as it is done for the MOSFET, because

of the gate voltage dependence of the field-effect mobility. As it has been pointed out

previously [27], doing so would overestimate the field-effect mobility of the device by a

factorγ, as indicated by the equations below. Using equation (2.2),the field-effect mobility

is sometimes extracted using the following equation:

µlin
calc =

1
VDS CinsW/L

(

dIlin
D

dVGS

)

(2.15)

with:

dIlin
D

dVGS
= µFElinCins

W
L

VDS (2.16)

However, if the field-effect mobility is gate voltage dependent, equation (2.2) has to be

replaced by equation (2.10) or equation (2.13). In such a case, the field-effect mobility

expression becomes:

µlin
calc = γµFElin0 (VGS − VTlin)

γ−1 (2.17)

or:

µlin
calc = γµFElin (VGS ) (2.18)
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where:

µFElin = µFElin0 (VGS − VTlin)
γ−1 (2.19)

This equation clearly indicates that the OFET field-effect mobility can be overestimated

by a factorγ if the parameter extraction is not done properly. These observations are

illustrated in Figure 2.5 where we have plotted the field-effect mobility in the linear regime

extracted by the different methods mentioned here.

1. Conventional value extracted from experimental data using, equation (2.2), the

standard MOSFET drain current equation in the linear regime;

2. Values calculated using equation (2.14) and the fitting parameters from Table 2.2;

3. Values extracted from experimental data using equation (2.15), i.e.,µlin
calc;

4. Values extracted from experimental data using equation (2.15) and taking into ac-

countγ, i.e.,µlin
calc/γ.

Figure 2.5: Comparison of the results of several extractionmethods used to find the OFET field-
effect mobility of the same device as used in Figure 2.3, in the linear regime.

Note that curves (1) and (3) show significantly overestimated values of the field-effect

mobility, especially at moderate gate voltages. For the case of (1), the extraction using the
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standard MOSFET equations, which ignores the gate bias dependence of the mobility, the

extracted mobility is constant with applied gate bias, as shown in Figure 2.5. On the other

hand, curves (2) and (4) are very similar and increase with gate bias, as expected from

the discussion above. Therefore, it is critical to keep in mind that when the conventional

field-effect mobility extraction method (i.e., using equation (2.2)) is applied to OFETs, the

values found for the linear regime field-effect mobility can be significantly overestimated.

We can also conclude that the methods used to extract curves (2) and (4) are the most

appropriate for OFETs, and allow a more reliable comparisonof the electrical performance

of different devices and materials.

Saturation regime

In the saturation regime, (i.e.,VDS ≥ VGS − VT sat), equation (2.8) becomes equation

(2.20).:

I sat
D = −µFEsat0Cins

W
(γ + 1) L

(VGS − VT sat)
γ+1 (2.20)

whereµFEsat0 is the saturation regime field-effect mobility fitting parameter,VT sat is the

threshold voltage in the saturation regime and the other parameters have been described

above.

Figure 2.4 also shows the OFET drain current in the saturation regime and the fit to

equation (2.20) using the parameters summarized in Table 2.2.

Following the same method as that used for the linear regime,it is possible to rewrite

equation (2.20) as:

I sat
D = −µFEsat0 (VGS − VT sat)

γ−1 Cins
W

(γ + 1) L
(VGS − VT sat)

2 (2.21)

or

I sat
D = −µFEsat (VGS ) Cins

W
(γ + 1) L

(VGS − VT sat)
2 (2.22)
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with

µFEsat (VGS ) = µFEsat0 (VGS − VT sat)
γ−1 (2.23)

Equation (2.22) is very similar to the standard MOSFET equation in the saturation

regime, but contains the gate voltage dependence of the field-effect mobility. As was the

case with the linear regime parameter extraction, it is inaccurate to extractµFEsat as it is

done for the MOSFET because of the gate voltage dependence ofthe field-effect mobility.

As it has been pointed out previously [27], doing so would overestimate the field-effect

mobility of the device by a factor (γ + 1)/2, as indicated by the equations below. It is

possible to write the standard saturation regime MOSFET equation (2.6) as follows:

√

∣

∣

∣I sat
D

∣

∣

∣ =

√

µFEsatCins
W
2L

(VGS − VT sat) (2.24)

Consequently, the field-effect mobility is sometimes extracted using the following equa-

tion:

µsat
calc =

1
CinsW/2L
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∣

∣
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(2.25)

with:
d
√

∣

∣

∣I sat
D

∣

∣

∣

dVGS
=

√

µFEsatCins
W
2L

(2.26)

However, if the field-effect mobility is gate voltage dependent, equation (2.6) has to be

replaced by equation (2.20) or equation (2.22). In such a case, the field-effect mobility

expression becomes:

µsat
calc =

(

γ + 1
2

)

µFEsat0 (VGS − VT sat)
γ−1 (2.27)

or:

µsat
calc =

(

γ + 1
2

)

µFEsat (VGS ) (2.28)

where:

µFEsat = µFEsat0 (VGS − VT sat)
γ−1 (2.29)
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In Figure 2.6, we show the values of the extracted field-effect mobility in the saturation

regime, using the following methods.

1. Conventional value extracted from experimental data using the standard saturation

regime MOSFET equation (2.6);

2. Values calculated using equation (2.23) and fitting parameters from Table 2.2;

3. Values extracted from experimental data using equation (2.25), i.e.,µsat
calc;

4. Values extracted from experimental data using equation (2.25) and taking into ac-

countγ, i.e.,µlin
calc/ (γ + 1/2).

Figure 2.6: Comparison of the results of several extractionmethods used to find the OFET field-
effect mobility of the same device as used in Figure 2.3, in the saturation regime.

Note that, as shown in Figure 2.6 and as it is with the case for the extraction in the linear

regime, the curves (1) and (3) show significantly overestimated values of the field-effect

mobility in the saturation regime, especially at moderate gate voltages. For the case of

curve (1), we see that the extraction results in a mobility that is independent of the applied

gate bias. The difference in the results from each method is less significant forlarge values

of the gate voltage. On the other hand, curves (2) and (4) are very similar, and give the
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expected result of increasing field-effect mobility with applied gate bias. Therefore, it is

critical to keep in mind that when the conventional extraction method (i.e., using equation

(2.6)) is applied to OFETs, the field-effect mobility in the saturation regime can be signif-

icantly overestimated. We can also conclude that the methods used to extract curves (2)

and (4) are the most appropriate for OFETs.

In general, the behavior of the mobility for the case of devices based on disordered

materials (i.e., OFETs based on F8T2) is different from the case of devices based on crys-

talline materials (i.e., MOSFETs based on c-Si) because of the nature of the density of

states, near the position of the Fermi level, that the carriers move through. Crystalline

materials are characterized by well-defined, delocalized transport bands separated by an

energy gap that is nearly devoid of localized states, resulting in a mobility that has negligi-

ble dependence on the applied gate bias. Whereas, in disordered materials, the delocalized

transport bands are not well defined and there exists a significant density of localized states

in the energy gap, as well as band edges that are not ideal in nature and consist of sloped

band-tails.. This shape of density of states results in a field-effect mobility that has a signif-

icant dependence on the applied gate bias, since the region of the density of states, through

which the charge carriers are transported, changes with theapplied gate bias.

2.3.2 Dependence on temperature

We have used the extraction methods developed in the previous section on OFET trans-

fer characteristic data taken at different temperatures ranging from 10◦C to 80◦C, as shown

in Figure 2.7.

In Figure 2.7, we see that the OFF-state drain current is significantly affected by the tem-

perature of the device, and increases from approximately 5×10−13A to 5×10−12A as the

temperature is increased from 10◦C to 80◦C. Also, note that the subthreshold slope of the
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Figure 2.7: Linear regime transfer characteristics of an OFET measured at different temperatures
between 10◦C and 80◦C. The symbols correspond to experimental data and the lines
correspond to fits using equation (2.10)

transfer characteristics (i.e., the slope of the semilog plots in the transition regime from the

OFF-state to the ON-state) does not appear to be affected by the temperature, indicating

that the region of the density of states of the organic semiconductor near the Fermi level

is not significantly altered. In Figure 2.7, the symbols represent the experimental data and

the lines show fits of the linear plots using equation (2.10).From the fits, the linear regime

field-effect mobilityµFElin0, linear regime threshold voltageVTlin, and theγ-parameter are

extracterd from the data of Figure 2.7 at different temperatures. Then, using equation

(2.14),µFElin as a function of applied gate bias is calculated for each temperature. The

field-effect mobility increases with gate bias, as shown in Figure 2.8, and the temperature

dependence of the field-effect mobility at different applied gate biases is shown in Figure

2.9.

The fit ofµFElin with temperature is an Arrhenius relationship of the form:

µFElin = µ
∗
FEe−Ea/kT (2.30)
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Figure 2.8: Dependence of the field-effect mobility on applied gate bias at different temperatures,
found from the data shown in Figure 2.7 using equation (2.10)and equation (2.14).

Figure 2.9: Dependence of the OFET field-effect mobility on temperature, taken from the data
shown in Figure 2.7 at different gate biases.|VGS | increases from 28V to 40V for
the data from the bottom to the top of the figure. Symbols are experimental data and
straight lines are the fits to an Arrhenius relationship, giving the activation energy (Ea)
of the field-effect mobility.
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whereµ∗FE is the pre-exponent factor of the mobility and has a value of approximately 10

cm2/Vs here. The fit is excellent up to approximately 80◦C and we can see that, as ex-

pected, the field-effect mobility is activated in temperature. In Figure 2.10, wepresent the

thermal activation energyEa of the field-effect mobility as a function of applied gate bias.

This data was taken from the mobility data found using methods (2) and (4), described in

the previous section.

From this figure, we see thatEa is constant at a value of approximately 0.2eV for high

Figure 2.10: The activation energy of the OFET field-effect mobility as a function of applied gate
bias, found from the data shown in Figure 2.9.

applied gate biases (|VGS | & |VTlin|) and increases for lower gate biases. Similar results

were obtained by others and were associated with the filling of low-lying localized elec-

tronic states by the accumulated charges as the gate bias is increased [15]. We should note

that this entire method is only valid for gate biases above the threshold voltage, or in other

words, for gate biases that bias the device into accumulation.

Furthermore, the dependence of the threshold voltage, extracted from Figure 2.7 using

equation (2.10), on temperature is shown in Figure 2.11, andwe can see that the threshold
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voltage decreases slightly with increasing temperature, at a rate of approximately 0.04V/K

over the range of temperature we used here.

We present the temperature dependence ofγ, found from Figure 2.7 using equation

Figure 2.11: Dependence of the OFET threshold voltage on temperature, extracted from the data
shown in Figure 2.7. Symbols are experimental data and the straight line is the linear
fit, which serves as a guide to the eye.

(2.10), in Figure 2.12. We can see from this figure thatγ has a value significantly larger

than unity and has a more complex dependence on temperature.The observed temper-

ature dependence is not the expected result that should follow from equation (2.11). At

the lower temperatures, below 40◦C, γ decreases with temperature, as expected. How-

ever, at higher temperatures, above 40◦C, the dependence on temperature is reversed and

reduced. Though these results were reproduced several times, further investigation of the

dependence ofγ on temperature is needed.

2.4 Source/drain contact resistance and intrinsic device performance

The electrical performance of thin-film transistors are often limited by the resistance

between the active layer material and the source and drain electrodes (i.e., contact resis-



41

Figure 2.12: Dependence of the OFET gamma parameter on temperature, extracted from the data
shown in Figure 2.7. Symbols are experimental data and the straight lines are linear
fits to the corresponding sections of the gamma data and serveas guides to the eye.

tance) [35–42]. This resistance presents itself as an additional resistance to the current that

flows through the channel of the device and thereby reduces the performance of the device.

In this section, the source and drain contact resistance andintrinsic device performance

(i.e., intrinsic field-effect mobility and intrinsic threshold voltage) are characterized. Ad-

ditionally, the temperature dependence of the intrinsic performance and contact resistance

is described.

In general, we have found that the source and drain electrodes made of indium tin oxide

(ITO) provide effective electrical contact to the organic material. As shownin Figure 2.13,

we see that the contacts exhibit a Schottky-type behavior (i.e., exponential dependence)

at low VDS and changes to an apparent space charge limited current typeof behavior (i.e.,

quadratic dependence) at higherVDS [35]. Note that the curves in this figure are similar

for measurements with the gate electrode floating and with the gate electrode grounded to

the common bias point.
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Figure 2.13: Drain current versus drain-to-source voltagefor device measured with the gate elec-
trode as common and floating.

2.4.1 Experimental results and analysis

To investigate the energetic properties of the source/drain electrical contacts and of the

intrinsic electrical performance parameters (i.e., intrinsic field-effect mobility and thresh-

old voltage), we measured the linear regime transfer characteristics at different tempera-

tures (10< T < 70◦C) of a series of devices with different values of channel width (W)

and channel length (L).

To continue with the analysis of these devices at different temperatures, we calculated

the normalized ON resistance as:

W × RON = W × VDS /ID (2.31)

and plotted it as a function of channel length as in Figure 2.14 below.

Performing linear fits to the data in Figure 2.14, provides the slopes of the normalized on

resistance curves at several applied gate bias points. The inverse of the slopes are plotted

as a function of applied gate bias as shown in Figure 2.15 for each set of measurements at
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Figure 2.14: Normalized ON resistance (i.e.,W × RON = W × VDS /ID) as a function of channel
length for different applied gate biases above the threshold voltage. Similar results
were obtained for calculations for measurements at the other temperatures.

different temperatures.

The linear fits to the data of Figure 2.15 provide a means of obtaining the intrinsic

mobility and intrinsic threshold voltage at different temperature. These data are shown

below in Figure 2.16 and 2.17, respectively.

Plotting the field-effect mobility as shown in Figure 2.16 allows for the determination

of the activation energy of the field-effect mobility (over this limited temperature range).

For the field-effect mobility, we find aµo of approximately 4 cm2/Vs with an activation

energyEa of 0.19eV. These results agree very well with our previous measurements de-

scribed above and parameter extractions without using the TLM (i.e., we foundµo = 10

cm2/Vs andEa = 0.2eV in section 2.3).

We see from Figure 2.17 that the threshold voltage shows little dependence on the

temperature, exhibiting∆VT/∆T = 92mV/K. These data are consistent with our previous

extraction results (i.e.,∆VT/∆T 40mV/K) presented in section 2.3.

From the y-intercepts of the data shown in Figure 2.14 (and from similar plots for mea-
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Figure 2.15: Inverse slopes of the linear fits to the data in Figure 2.14 as a function of applied gate
bias above threshold voltage, (i.e.,d(W × RON)/dL)−1 vs. VGS ).

surements at other temperatures), we can extract the source/drain contact resistance. For

comparison, we then calculate and plot the normalized contact resistance as a function of

applied gate bias and temperature as shown below in Figure 2.18.

For devices biased above threshold, the S/D contact resistance drops exponentially

with the applied gate bias. We see from Figure 2.19 and 2.20 that the contact resistance

is activated with temperature with an activation energy near 0.2eV. The activation energy

increases as the applied gate bias is decreased. These results seem to make physical sense,

since we expect the contact resistance, as well as the energyrequired to inject/extract

charge carriers, to decrease as the level of accumulation ofcharge carriers in the channel

increases.

Given the contact resistance (extracted as described above), we can calculate and plot

the channel resistance as a function of applied gate bias andtemperature as shown in Fig-

ures 2.21 and 2.22. For a valid performance comparison, we use the average normalized

channel resistance, averaged over the range of device geometries used in this study and

normalized per unit channel length.
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Figure 2.16: Intrinsic field-effect mobility (taken from the slopes of the data in Figure 2.15) plotted
as a function of inverse temperature.

Figure 2.17: Intrinsic threshold voltage (taken from the x-intercepts of the linear fits shown in
Figure 2.15) as a function of temperature.
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Figure 2.18: Normalized S/D contact resistance (i.e., channel width times total extracted S/D series
resistance) as a function of applied gate bias for 283< T < 343K.

Similar to the case for S/D contact resistance, we see that the channel resistance drops

exponentially as the gate bias is increased and is thermallyactivated with an activation

energy of approximately 0.2eV, which varies with applied gate bias as shown in Figure

2.23.

2.5 High-field operation

In order for OFETs to make their way into commercial applications, they must be able

to operate within specific environmental conditions as wellas provide the desired electri-

cal performance. For example, in the case of flat-panel displays such as cholesteric liquid

crystal displays, the driving circuitry must be able to output a large voltage in order to

control the display. In this section, we present the electrical performance of these devices

under high gate-to-source and drain-to-source electric fields.

To demonstrate the possible use of OFETs in high-voltage/high-power applications

(such as electronic paper and certain types of liquid crystal displays) we tested the oper-

ation of these devices at high bias points (i.e.,VGS max = VDS max = −100V, corresponding
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Figure 2.19: Normalized contact resistance as a function oftemperature for various applied gate
biases above threshold.

Figure 2.20: Activation energy of the normalized contact resistance as a function of applied gate
bias.
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Figure 2.21: Average normalized channel resistance (i.e.,channel resistance per unit channel length
averaged over the range of different device geometries used in this study) as a function
of applied gate biases above threshold for a range of temperatures.

Figure 2.22: Average normalized channel resistance as a function of temperature for a range of
applied gate biases.
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Figure 2.23: Activation energy of the average normalized channel resistance as a function of ap-
plied gate bias.

to a maximum electric field from drain-to-source of 1.67× 105 V/cm). The results are

presented and described below.

2.5.1 Experimental results and analysis

By examining the transfer characteristics presented in Figure 2.24, we see that un-

der high-field conditions, the device performs as usual (i.e., similar to the low-bias case

shown in Figure 2.2). As shown in this figure, we do observe a shift of the characteris-

tics, corresponding to a threshold voltage shift, for measurements in different directions.

This short-term, reversible effect is presumably due to the trapping of charge carriers in

the channel of the device, near the gate-insulator organic semiconductor interface, These

device instabilities are described in further detail in thefollowing chapters.

Figure 2.25 demonstrates, that even for high gate-to-source electric fields, the gate

insulator stack of this device structure is robust and maintains a low gate leakage current.

Note that this measurement was taken at the same time as the data shown in Figure 2.24.

For the device in the ON-state, the gate leakage current is atleast 2 orders of magnitude
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(a)

(b)

Figure 2.24: (a) Output characteristics of a device measured to VDS max = VGS max = −100V. (b)
Linear regime transfer characteristics of a device measured (using a maximum gate
bias ofVGS max = -100V, corresponding to a maximum estimated electric field across
the gate insulator of 1.67×105 V/cm) measured from OFF to strong accumulation
(circles) and strong accumulation to OFF (triangles).
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Figure 2.25: Gate leakage current as a function of applied gate-to-source bias, shown for two dif-
ferent applied drain-to-source biases.

Figure 2.26: Saturation regime transfer characteristics (i.e.,VDS = VGS ).
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below the drain current. For the device in the OFF-state, thedrain current is reduced to

nearly the same level as the gate leakage current.

From these characteristics, we see that the field-effect mobility does not deteriorate

and the ON/OFF ratio stays the same for devices under high applied drain-to-source and

gate-to-source biases. However, there are significant threshold voltage shifts and the sub-

threshold slope appears to degrade as the maximum gate-to-source bias is increased.

From these results, we see that the F8T2-based OFETs appear to be good candidates for

applications requiring high-voltage devices, including high-voltage, low current switches,

as well as inverters. Though there are significant shifts in the electrical characteristics,

there does not appear to be any breakdown occurring through the channel or through the

gate-insulator. We expect that devices based on similar materials and structures could

function properly and provide the necessary requirements to drive certain flat-panel dis-

play technologies requiring high voltage requirements.

2.6 Conclusion

The structure of the device used in the present experiments and the operation and mea-

surement of this device has been reviewed. Additionally, a method that can be used to

reliably extract and compare the field-effect mobility from the transfer characteristics of

OFETs has been presented. This method is based on the modification of the standard

MOSFET equations to include the gate bias dependence of the charge carrier mobility,

which can more physically be described as a dependence on thecharge carrier density in

the channel. We have shown that the use of the standard MOSFETequations to extract

the mobility can give significantly overestimated results,in both the linear and saturation

regimes, and this should be kept in mind when comparing the electrical performance of

devices evaluated in this manner. The proposed method was used to extract the field-
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effect mobility from the transfer characteristics measured atdifferent temperatures and the

temperature dependence of the relevant parameters was presented. We observed that the

field-effect mobility was thermally activated, with an activation energy (Ea) that depends

on the applied gate bias and has a value of approximately 0.2eV. These results agree with

previously published results, demonstrating the validityof the OFET parameter extraction

method described in this paper.

The source and drain contact resistance and intrinsic device performance (i.e., intrinsic

field-effect mobility and threshold voltage) have been characterized using the transverse

line method (TLM). The temperature dependence and activation energies of each param-

eter have been found and agree with results from other measurements. These results in-

dicate that the electrical contact between the organic semiconductor and the source/drain

electrodes exhibits Schottky-like behavior at lowVDS , which gradually changes to a space

charge limited current behavior asVDS is increased.

The electrical performance of the F8T2-based OFETs under high gate-to-source and

drain-to-source electric fields has also been characterized and presented. These results

indicate that, even though these devices exhibit a significant degree of instability (i.e.,

threshold voltage shifts), they show promise for use in applications such as electronic pa-

per that require high voltages.
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CHAPTER 3

EFFECTS OF ILLUMINATION ON PF-BASED OFETS

As mentioned earlier in this thesis, several of the proposedapplications of OTFTs in-

volve the exposure of the devices to illumination, either bydesign or unintentionally. For

example, OTFTs may be used in a photosensor array as the sensing elements or they may

be used in flat-panel displays as the driving circuitry. In either case, it is likely that the

OTFTs will be exposed to illumination. Therefore, it is important to understand the physi-

cal mechanisms involved with and how the illumination effects the electrical performance

of OTFTs.

We have studied the electrical performance of the gate-planarized OFETs based on

F8T2 under illumination, as well as the performance of thesedevices as photodetectors.

We found that the OFF-state drain current of the OFET is significantly increased due to the

illumination, while a smaller, relative effect is observed on the drain current in the strong

accumulation regime. Furthermore, the illumination effectively decreases the threshold

voltage of the device and increases the apparent subthreshold swing, while the field-effect

mobility of the charge carriers in the polymer channel is unchanged. We have observed

full recovery of the devices after the illumination is removed at room temperature. These

observations are explained in terms of the photogenerationof excitons due to the absorbed

photons. The photogenerated excitons subsequently diffuse and dissociate into free charge
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carriers, thereby enhancing the carrier density in the channel of the device. The photogen-

erated electrons can be trapped by positively charged states, thereby reducing the threshold

voltage, while the photogenerated holes contribute to the excess photocurrent measured at

the drain.

The first section of this chapter discusses the effect of steady-state, white-light (broad-

band) illumination on the electrical characteristics of OFETs. We have found broadband

responsivities of approximately 0.7mA/W for devices biased in the strong accumulation

regime and gate-to-source voltage-independent photosensitivities of approximately 103 for

devices in the OFF-state. We also determine the flatband voltage of these devices to be

about−2.3V.

The second section of this chapter discusses the effect of monochromatic illumination

on the electrical characteristics of OFETs and the use of these devices as photosensors.

To demonstrate the possible use of OFETs as photosensors, wepresent the responsiv-

ity, photosensitivity (signal-to-noise ratio), externalquantum efficiency, noise-equivalent

power, and specific detectivity of these devices. The dependence of these parameters on

the incident photon energy and irradiance level is described.

3.1 Effects of broadband illumination

3.1.1 Experimental setup

To investigate the effect of steady-state illumination on the electrical performance of

our devices, the devices were illuminated from the top, as shown in Figure 3.1(a). The ex-

periments were carried out on a Karl Suss PM8 probe station, using broadband white light

from a 150W halogen lamp through a Mitutoyo microscope as theillumination source.

The ultraviolet-visible absorption spectrum of a thin-film(1000Å) of F8T2 on a quartz

substrate (taken with a Cary 5e UV-Vis-NIR Spectrophotometer) and the spectrum of the
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incident light at the sample surface are shown in Figure 3.2.From this figure, we can see

that light from the lamp is absorbed mainly in the range of wavelengths from approxi-

mately 475 to 525nm (2.6 to 2.4eV). In this wavelength range,the absorption coefficient

(α) varies from 2.5 × 105 to 2.5 × 104cm−1, providing a 1/α light absorption depth from

400 to 4000Å. Since the thickness of the F8T2 film is only 1000Å, we can assume that

the irradiance inside the polymer film at the channel is approximately equal to the irradi-

ance at the film surface (i.e., the photons are uniformly absorbed throughout the polymer

film). It was also assumed that the lateral distribution of light was uniform. The incident

light irradiance at the surface of the film, measured using anInternational Light SED625

thermopile detector connected to an International Light IL1700 research radiometer, was

controlled from 0 to 2.9W/cm2. The light delivered to the device was focused to a spot

size approximately equal to the area of the device and the entire channel of the device was

illuminated as shown in Figure 3.1(b).

We measured the OFET electrical characteristics in the darkand under various levels

of illumination at room temperature using an HP4156 semiconductor parameter analyzer

controlled by Interactive Characterization Software (Metrics). The bias conditions used

to measure the transfer characteristics, in both the linearand saturation regimes, and the

output characteristics of our devices, are given in Table X.We chose to measure the trans-

fer characteristics from the ON-state to the OFF-state (i.e., from VGS = −40V to 20V).

This measurement method was chosen because it provides veryreproducible data, with

a variation in the ON-current of less than±5% for the linear regime transfer characteris-

tics measured back-to-back in the dark. This allows reliable comparison of the electrical

performance of the device in the dark and under illumination.
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(a)

(b)

Figure 3.1: (a) Cross-section of device structure and chemical structure of F8T2. (b) Top-view of
illuminated device showing gate, source, and drain. For this device, L= 56µm, W =
116µm and source/drain-gate overlap is 5µm
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Figure 3.2: Absorption coefficient of F8T2 and light emission spectrum of incident light as a func-
tion of the photon energy.

3.1.2 Device under illumination

We have observed very strong effects of steady-state, broadband illumination on the

electrical performance of OFETs. The effects are evident when we compare the linear

regime transfer characteristics of a device in the dark to those of the same device under

illumination as shown in Figure 3.3(b). From this figure, we can see that the drain current

in the OFF-state is significantly increased by several orders of magnitude, while a milder

effect of illumination on the drain current in the strong accumulation regime is observed.

The significant increase of drain current in the OFF-state, when the device is under illu-

mination, can be attributed to the enhancement of the carrier density in, and therefore the

conductivity of, the channel of the device due to the photogeneration of excitons in the

polymer.

There are four basic photocarrier generation processes in solid organic polymers that

can contribute to the enhancement of the carrier density in the polymer channel of the

device [1]:
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(a)

(b)

Figure 3.3: (a) Output characteristics of OFET in the dark and illuminated at 2.9W/cm2. (b) Trans-
fer characteristics of OFET in the dark and illuminated at 2.9W/cm2
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a) Exciton formation and subsequent dissociation (electric field, surface, or impurity

induced) into free carriers;

b) Direct, band-to-band excitation of electrons;

c) Photoinjection of carriers from the metal source/drain electrodes into the polymer;

d) Detrapping of carriers trapped in localized gap states inthe polymer.

In this work, we expect that the most likely carrier photo-generation process is through

the exciton route. Photons with the proper energy are absorbed in the polymer, forming

an exciton (i.e., a bound electron-hole pair) as shown schematically in Figures 3.4(a) and

3.4(b).

While we have not directly investigated the properties of the excitons that are pho-

togenerated in F8T2, we should comment on the experimental methods that can provide

insight into the kinetics and energies associated with thisphenomenon. Photolumines-

cence of a thin film semiconductor, when performed at a very low temperature (i.e., near

4K), can provide information about the binding energy and kinetics of excitons [2]. Ad-

ditionally, electro-optical absorption (i.e., field-dependent absorption) can provide further

information about the binding energies and dissociation properties of excitons in a polymer

film [3]. Additional methods, such as photothermal deflection spectroscopy and photolu-

minescence quenching in a thin-film transistor structure can further characterize the ex-

citon by providing the sub-gap absorption spectrum and information about diffusion and

dissociation of the exciton, respectively [4]. We should also note that the groups of Friend

have, in numerous reports, observed the formation, trapping and dissociation of excitons

in polyfluorene derivatives and blends [5,6]. Additionally, the exciton energy and binding

energy can be estimated from optical absorption combined with either cyclic voltammetry

(CV), photocurrent measurements or light-induced electron spin resonance (LESR). We

find that the onset of the optical absorption in F8T2 occurs near approximately 2.45eV, as
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(a)

(b)

Figure 3.4: Proposed energy band diagram of OFET under illumination in the region from (a) the
gate electrode to the source electrode (i.e., following theline A to C in Figure 3.1(a))
and (b) the drain electrode to the source electrode (i.e., following the line B to C in
Figure 3.1(a)).
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shown in Figure 3.2. By comparing this to the HOMO-LUMO gap from C-V of 2.7eV,

we find a binding energy of the exciton in F8T2 to be roughly 0.3to 0.4 eV. This binding

energy is consistent with results obtained by other groups for the energetic properties of

excitons in polyfluorenes [7]. These results confirm that theexciton route is a possible

and probable physical mechanism that leads to the photogeneration of charge carriers in

polyfluorene-based organic semiconductors.

The photo-generated exciton diffuses to a dissociation site (i.e., defect, impurity, or

surface state) and dissociates into an electron and hole. Once generated, these charge car-

riers begin to move under the influence of the electric field (from the appliedVDS andVGS )

and in opposite directions down the channel of the OFET. Withour biasing conditions, the

electrons move away from the gate and drain and towards the source, while the holes move

towards the gate and drain and away from the source. Some of the photo-generated elec-

trons are trapped into, and neutralize positively charged states (NT ) that contribute to the

large initial negative threshold voltage, thereby reducing the threshold voltage. The origin

of these positively charged states is presently under investigation. The photo-generated

holes are collected at the drain electrode (by the corresponding transfer of an electron

from the drain electrode into the valence band of the polymer). A photo-current is mea-

sured that is larger than the drain current in the dark, especially when the device is operated

in the OFF-state. These processes are shown schematically in the proposed energy band

diagrams presented in Figures 3.4(a) and 3.4(b). Figure 3.4(a) shows the energy band

diagram of a device under illumination, normal to the channel of the device (i.e., in the

direction from the gate, through the gate insulator, and through the semiconductor) near

the source electrode. Figure 3.4(b) shows the energy band diagram of a device under illu-

mination, in the direction of the channel of the device (i.e., in the direction from the drain

electrode, through the semiconductor, to the source electrode). When the device is oper-
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ated in the strong accumulation regime, the relative effect of the illumination on the drain

current is much smaller compared to its effect in the OFF-state. This can be explained by

the overwhelming effect of the gate voltage on the concentration of accumulated carriers in

the channel of the device, at the levels of illumination usedin this study, and is explained

in further detail below.

3.1.3 Experimental results and analysis

We have investigated the effect of the illumination irradiance level. Figure 3.5 presents

the linear regime transfer characteristics of our OFET in the dark and under various lev-

els of illumination up to approximately 2.9W/cm2. From this figure, we can see that the

OFF-state drain current of the device is strongly dependenton the level of illumination. As

the illumination level is increased, the drain current is increased since the photogeneration

rate of excitons (and therefore charge carriers) in the channel of the device increases as the

illumination intensity is increased.

Figure 3.6 presents the variation of the OFF-state drain current, ON-state drain cur-

Figure 3.5: Transfer characteristics of OFET in the dark andunder various irradiance levels.
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Figure 3.6: Dependence of ON-state drain current, OFF-state drain current, field-effect mobility,
threshold voltage, and apparent subthreshold slope on irradiance.µFE, VT , andS ∗ ex-
tracted from the data in Figure 3.5, using equations (2.2) and (2.4). Lines are provided
as guides to the eye.
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rent, linear regime field-effect mobility, threshold voltage and apparent subthresholdswing

(S ∗) with illumination irradiance. From this figure, we see thatthe relative change in the

OFF-state drain current, as the irradiance level is increased, is much larger than the relative

change in the ON-state drain current, as stated above. The other electrical parameters were

extracted from the linear regime transfer characteristics, of Figure 3.5, using equations

(2.2) and (2.4) from above. From Figure 3.6, it is evident that as the illumination level is

increased, the threshold voltage of the device is effectively reduced and the apparent sub-

threshold swing is increased. We speculate that the reduction of the threshold voltage is

due to the compensation of positively charged states (NT , that contribute to the large initial

negative threshold voltage) by the photo-generated electrons (i.e., the electrons are trapped

by positively charged states). This effect can be understood by examining equations (2.3a)

and (2.3b) for the threshold voltage of a MOSFET. If we use this equation to explain the

behavior of OFETs under illumination, we see that a reduction of NT corresponds to a

reduction ofQe f f , which leads to a reduction of the threshold voltage. In Figure 3.7, we

present the transfer characteristics plotted using the effective gate-to-source voltage (i.e.,

ID versusVGS−VT ) at various illumination levels. From this figure, we can seethat, indeed,

the major effect of the illumination is a reduction of the threshold voltage. Conversely, the

field-effect mobility is relatively unaffected, indicating that the electronic structure of the

polymer is not affected by the illumination. Additionally, we conclude that there is negligi-

ble change in temperature due to illumination of the device,since the field-effect mobility

is expected to increase with temperature in conjugated polymer semiconductors [8–10].

The apparent increase in the subthreshold swing with increasing illumination can be at-

tributed to the enhanced conductivity of the channel of the device in the OFF-state due to

the increase in carrier density brought about by the illumination. This is an additive effect,

in that the illumination provides another means by which to control the density of charge
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carriers in the channel and can be thought of as a second gate.When either of the gates

is turned off (i.e., VGS ≥ 0V applied or no incident illumination), the effect of the other

gate is maximized. For instance, the ON/OFF ratio (ION�IOFF) is maximum for no illumi-

nation andIDillum�IDdark is maximum for a device biased in the OFF-state. The observed

result is an apparent decrease in the effectiveness of the applied gate bias over the channel

(i.e., larger apparent subthreshold swing) with increasing irradiance. However, as shown

in Figure 3.7, we see that the subthreshold swing of all curves, dark and illuminated, are

similar. The increase in the apparent subthreshold swing isan artifact of the extraction

method using equation (2.4) under illumination. Using the relation of equation (2.5), the

density of states can be connected to the subthreshold swingand can be extracted from the

transfer characteristics in the dark and under illumination. From Figure 3.7, we conclude

that, since the subthreshold swing is not significantly affected by the illumination, the den-

sity of states in the polymer is not significantly affected by the illumination.

Alternatively, the observed results can be understood by investigating the band-

Figure 3.7: Threshold voltage-normalized transfer characteristics (i.e.,ID versusVGS − VT ) of
OFET in the dark and illuminated at various irradiance levels.
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bending and energy level structure in the organic semiconductor in the direction normal to

the channel of the device. This theory has been developed forthin-film transistors (TFTs)

based on amorphous semiconductor materials, namely hydrogenated amorphous silicon

(a-Si:H) TFTs [11–13]. The non-equilibrium situation of the illuminated device is charac-

terized by a splitting of the equilibrium Fermi level into two quasi-Fermi levels; one for

holes and one for electrons. The splitting is dependent on the intensity and energy of the

incident illumination. The band-bending (i.e., the effect the gate has on the accumulated

carrier concentration in the channel), at a certain gate bias, is reduced in the illuminated

device due to the increased density of charge carriers in thechannel from photogeneration.

Experimentally, we observe this effect as a reduction in the threshold voltage and an in-

crease in the apparent subthreshold swing.

A useful figure of merit is the responsivity (R in A/W) of the device, which can be

defined as:

R =
Iph

Pinc
=

IDillum − IDdark

E × A
(3.1)

whereIph is the drain photocurrent,Pinc is the power incident on the channel of the device,

IDillum is the drain current under illumination,IDdark is the drain current in the dark,E is

the irradiance of the incident light andA is the effective device area. The effective device

area,A, is calculated from the geometry of the device.A is equal to the effective channel

length (L + 2Lp) times the effective channel width (W + 2Lp), whereLp is the diffusion

length of the holes. ForLp ≪ L,W, which is the case here (i.e., 100nm≪6000nm), the

equation reduces toL × W. A plot of R versus gate bias is shown in Figure 3.8. From

this plot, we observe that the responsivity is higher in the strong accumulation regime than

in the OFF-state. This is evidence of a gain mechanism in the device, since the number

of photo-generated carriers mostly depends on the intensity of the incident illumination,

and not on the applied gate bias. We have observed values ofR in excess of 0.7mA/W for
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the case of broadband illumination. This value is several orders of magnitude lower than

reported responsivities of 0.1 to 0.5A/W of other organic photodetectors under monochro-

matic illumination [14, 15]. However, the responsivity of the present devices is expected

to be significantly larger for a monochromatic light source having a photon energy corre-

sponding to the maximum absorption of the polymer as compared to the present case in

which most of the incident light is not absorbed [16,17].

In Figure 3.9, we present the dependence of the responsivityon the illumination irradi-

Figure 3.8: OFET responsivity (R) and photosensitivity (P) versusVGS for various irradiance levels
taken from data for the same device shown in Figure 3.7.

ance. We can see from this figure that the device has the highest responsivity when biased
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in the strong accumulation regime, and the responsivity decreases with increasing irradi-

ance. The decrease of responsivity as irradiance is increased is due to the saturation of

the photocurrent, which can be caused by several factors. One factor influencing the pho-

tocurrent is the efficiency of charge transport through the channel of the deviceat higher

irradiance levels. In other words, even though more excitons, and therefore more holes,

are photogenerated at higher irradiance levels, these carriers may not be able to contribute

to the photocurrent due to the limiting nature of the charge transport mechanisms, such as

space-charge-limited currents, in the polymer. A second cause of the photocurrent satu-

ration at higher irradiance levels is exciton-exciton annihilation, i.e., at higher irradiance

levels, the enhanced density of excitons causes the excitons to interact with each other.

A second useful figure of merit is the photosensitivity (P), or signal (photo-current)

to noise (dark-current) ratio, of the device, which can be approximated as [18]:

P =
signal
noise

=
Iph

IDdark
=

(IDillum − IDdark)
IDdark

(3.2)

where all terms have been previously defined. The dependenceof the photosensitivity on

the gate voltage (VGS ) is shown in Figure 3.8. From this plot, we can see that P is a maxi-

mum in the OFF-state and is minimum in the strong accumulation regime, consistent with

the observations and comments made above about the drain current under illumination.

We have observed values ofP in excess of 103 in the OFF-state at a broadband illumina-

tion level of 2.9W/cm2. From Figure 3.8, we can also see thatP is not a strong function

of VGS in the OFF-state. In fact, the slight dependence onVGS and the little noise of the

P − VGS curve are mainly due to the extremely low (<10−12A) OFF-state drain current of

our OFETs in the dark. The high sensitivity to illumination and non-dependence on the

gate-to-source bias in the OFF-state are very useful characteristics of the device if it is to

be used to detect light at low applied voltages (i.e., low power consumption). Figure 3.8

also shows the dependence of the photosensitivity onVGS for several values of illumination
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Figure 3.9: OFET responsivity (R) and photoresponse (RL/D) versus irradiance for variousVGS .

irradiance. We can see that, as expected,P increases with increasing illumination irradi-

ance. However, the photosensitivity for a device biased in the OFF-state is nearly linear

with the irradiance level, giving a limited dynamic range that may not be very satisfactory

for certain detector applications.

A related measure is the ratio of total drain current under illumination to drain current

in the dark, which is referred to as the photoresponse and is defined as [19]:

RL�D =
IDillum

IDdark
(3.3)
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A plot of RL�D versusE for variousVGS , as shown in Figure 3.9, shows thatRL�D exhibits

a power law dependence on the illumination according to the following equation:

RL�D ∝ Eγ (3.4)

In this equation,E is the illumination irradiance and theγ-power exponent is a function

of the appliedVGS . We should note that theγ power exponent described in this chapter

is not directly related to theγ exponent used previously in section 2.3. We can describe

the dependence ofγ on VGS , as shown in Figure 3.10, using a model developed by Harm,

Schropp, and Verwey for TFTs based on amorphous semiconductors [11, 12, 20]. This

model was formulated with the assumption that: the total density of states is constant

around mid-gap; there is a symmetrical overlap of donor and acceptor states around mid-

gap; the field-effect is governed by the bulk states, as opposed to the interface states; and

that, under illumination, the Fermi level splits into quasi-Fermi levels (one for holes and

one for electrons). We believe that these assumptions are not too specific to a-Si, the

amorphous semiconductor used by Harm, et al., therefore we have applied this model to

the case of our amorphous organic semiconductor-based OFETunder illumination.

The dependence ofγ on VGS , as shown in Figure 3.10, can be modeled by the following

equations:

γ (VGS ) =























γ0

(

VGC − VGS

VGC − VFB

)

, for VGS < VFB V (3.5a)

γ0, for VGS > VFB V (3.5b)

In this equation,γ0 is a material dependent constant,VGS is the applied gate-to-source

bias,VFB is the flat-band voltage (i.e., the gate voltage necessary toachieve the flat-band

condition), andVGC is the critical gate voltage at which the drain current underillumination

is ideally equal to the drain current in the dark (i.e.,IDillum�IDdark = 1 atVGC for the ideal

case) and is given by:

VGC =

√
ǫsemidinsβ

ǫins
√
ǫ0

(3.6)
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Figure 3.10: Power exponentγ (experimental and fit using equations (3.5a) and (3.5b)) versusVGS

In this equation,ǫsemi is the dielectric constant of the semiconductor (= 2.6), ǫins is the

effective dielectric constant of the insulator (= 2.3), dins is the effective thickness of the

insulator (= 2700Å) andβ is defined as:

β =

(

2N f

)3�2

L
(3.7)

whereL is the linear slope of the localized state distribution nearthe middle of the sup-

posed band-gap and 2N f is the total density of states at midgap. Note that this linear slope

L is not related to the channel lengthL used to describe the geometry of the device. In

Figure 3.10, we see that we can fit our data in the region 0< |VGS | < VGC using equa-

tion (3.5a) withVGC equal to approximately−21V. This gives aβ value of approximately

7.4×105. If we assume a value of 1018cm−3eV−1 for 2N f (estimated from equation (2.5)

with NS S = 0), we find thatL is equal to 1.4×1021cm−3eV−2 from equation (3.7). From

experimental data, we estimateγ0 to be 0.8, while the fit using equation (3.5b) gives aγ0

value of approximately 0.9. A power-law dependence on the illumination irradiance is ex-

pected when trapping and sub-sequent de-trapping, i.e., multi-step hopping, of the carriers
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is involved in the channel conduction process.

Using a method similar to that of Schropp, et al [11, 12], we can extract the flat-band

voltage (VFB) of the OFETs from Figure 3.10. Since the density of holes in the chan-

nel does not increase for applied gate biases from the flat-band voltage to more positive

voltages and the source and drain electrodes block electrons coming from the conduction

band (i.e., lowest unoccupied molecular orbital, or LUMO level), the ratio of drain current

under illumination over drain current in the dark is constant for positive gate voltages. As

gate biases from the flat-band voltage to more negative biases are applied, the logarithm of

the current ratio is approximately proportional to the band-bending at the interface, which

is proportional toVGS − VFB. As did Schropp, et al, we assume that the illumination does

not cause a shift in the flat-band voltage, and we extract the flat-band voltage from the

crossing point of equations (3.5a) and (3.5b). We find theVFB of OFETs based on F8T2

to be equal to−2.3V. According to equations (2.3a) and (2.3b), this negative value ofVFB

is evidence of an effective charge (i.e., trapped charge) within the channel andcontributes

to the relatively large value of the threshold voltage of these OFETs.

In Figure 3.11, we present the ratio of drain current under illumination to drain cur-

rent in the dark versusVDS at several values ofVGS spanning the entire range of operating

regimes of the device. From this figure, we can see that this ratio is relatively independent

of VDS , in the range of biases we have measured. The non-dependenceon VDS shows that

this range of electric fields is substantial to aid the dissociation of the excitons into free

carriers.

It should be noted that the devices undergo full recovery, atroom temperature, and

relax back to their original state (i.e., OFF-state drain current, threshold voltage, and sub-

threshold swing values equal to pre-illumination values) after the illumination is removed.

This effect can be seen in Figure 3.5 whereID f inal has nearly returned toIDinitial. This recov-
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Figure 3.11:IDillum / IDdark at maximum irradiance versusVDS at variousVGS .

ery takes several minutes, in some cases, when the device is in the air at room temperature.

However, exposing the device to higher temperature or illumination at longer wavelengths

(i.e., red to infrared) can accelerate the recovery process[21].

3.2 Effects of monochromatic illumination

3.2.1 Experimental setup

The transfer characteristics (drain current versus gate-to-source voltage,ID − VGS ) and

output characteristics (drain current versus drain-to-source voltage,ID−VDS ) of the OFET

were measured in the dark and under various levels of monochromatic illumination at

room temperature using a Karl Suss PM8 probe station and an HP4156 semiconductor

parameter analyzer (using medium integration) controlledby Interactive Characterization

Software (Metrics). A 200W mercury xenon (HgXe) arc lamp (Oriel Instruments) was

used as the illumination source. The incident wavelength and irradiance (or optical flux)

from the HgXe lamp were controlled, using optical interference filters (FWHM< 10nm)

and neutral density filters, to provide wavelengths from 435.8 to 690.7nm and irradiance
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levels up to approximately 30µW/cm2 at the surface of the polymer film. After being op-

tically filtered, the light passed through a fiber optic cableand a Mitutoyo microscope,

which was used to focus the illumination to a spot size centered on the channel of the

device, illuminating the entire channel. The irradiance was measured, at the same location

where the device is placed in the light spot, using an International Light Si photodetector

(SHD033) with a flat response filter and fiber optic probe connected to an International

Light research radiometer (IL1700). All measurements wereperformed in ambient air at

room temperature and we did not observe any dependence of thedevice performance on

room humidity.

It is well known that the electrical characteristics of OFETs exhibit shifts due to mea-

surement (from the application of biases) and other stresses (such as illumination) [21,22].

We have observed that the shifts in the electrical characteristics due to illumination are

much more significant than the shifts due to repeated (i.e., back-to-back) measurement in

the dark. To compensate for these shifts, while allowing theexperiments to be carried

out in a reasonable manner, we annealed the devices between measurement sets (15min at

90◦C in a vacuum oven). The measurement sequence we have used is as follows. We an-

nealed the device as described above. Then we measured the dark transfer characteristics.

The illumination was then switched on and within a few seconds, the illuminated transfer

characteristics were measured. This was followed by another anneal, measurement in the

dark, measurement under illumination and so on. Therefore,the calculated parameters (see

following sections) were found by using the illuminated characteristics compared to the

immediately proceeding dark characteristics, with no annealing step between. The anneal-

ing procedure removed the shifts caused by measurement and illumination and allowed the

device (and its electrical characteristics) to return to the original state (i.e., similar OFF-

state drain current, threshold voltage and subthreshold slope) before proceeding with the
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next measurement set, thereby providing more reliable results. Though the perturbation

of the devices can be fully removed at room temperature, the elevated temperature signifi-

cantly speeds up the recovery.

The data presented in this section was taken from two randomly chosen devices, one

for the measurements using different wavelengths of incident illumination and one for dif-

ferent levels of irradiance. We have observed similar effects for all devices tested, and the

device-to-device reproducibility is acceptable, given the current status of organic-based

electronics. In several of the following plots, the data is noisy. We believe the noise is

mainly due to the small signal amplitudes (or division by small signals for the case of the

calculated parameters). The trends in the data presented here have been observed for all

devices tested under these measurement conditions.

3.2.2 Device under illumination

As noted above, we have observed very strong effects of steady-state, broadband illu-

mination on the electrical performance of a-Si:H TFTs [19] and OFETs based on F8T2

[16, 23]. In this section, we examine the effects of illumination in more detail by explor-

ing the response of the OFETs to monochromatic illuminationat different wavelengths

and irradiance levels. In Figure 3.12, we present the threshold-voltage normalized trans-

fer characteristics (drain current versus gate-to-sourcevoltage - threshold voltage,ID vs.

VGS − VT ). We plot the transfer characteristics in this manner in order to demonstrate

that the major effects of the illumination are a reduction of the threshold voltage and an

increase in the OFF-state drain current, while the field-effect mobility and subthreshold

slope retain their same value as in the dark. More details on these effects, as well as the

dependence on incident photon energy and irradiance are discussed in the following sec-

tions.
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For the case of our devices, the most likely carrier generation process is through

Figure 3.12: Threshold voltage-normalized transfer characteristics of OFET illuminated at differ-
ent wavelengths/photon energies, measured with a constant optical flux of 5× 1013

photons/cm2sec. The straight lines are fits using equations (2.2) and (2.4).

the exciton route. Photons with the proper energy are absorbed in the polymer, forming

an exciton (i.e., a bound electron-hole pair). The exciton then diffuses to a dissociation

site (i.e., defect, impurity, or surface state) and dissociates into a free electron and hole.

Once generated, these free charge carriers move under the influence of the applied electric

fields (from the appliedVDS andVGS ) and in opposite directions through the channel of

the OFET. Many of the electrons are trapped into, and neutralize positively charged traps

(NT ) that contribute to the large negative threshold voltage, thereby reducing the threshold

voltage. The photogenerated holes are collected at the drain electrode (by the correspond-

ing transfer of an electron from the drain electrode into thevalence band of the polymer).

The drain current in the OFF-state is significantly increased, while a smaller increase in

the drain current in the strong accumulation regime is observed. The significant increase

of drain current in the OFF-state, when the device is under illumination, can be attributed

to the enhancement of the carrier density in, and therefore the conductivity of, the chan-
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nel of the device due to the photogeneration and dissociation of excitons in the polymer.

When the device is operated in the strong accumulation regime, the relative effect of the

illumination on the drain current is much smaller compared to the effect in the OFF-state.

This can be explained by the overwhelming effect of the gate voltage on the concentration

of accumulated carriers in the channel of the device, at the levels of illumination used in

this study.

3.2.3 Experimental results and analysis

Dependence on photon energy

The response of the OFETs to monochromatic illumination hasbeen investigated by

measuring the transfer characteristics of a device in the dark and under monochromatic il-

lumination at various wavelengths. Figure 3.12 shows the linear regime, threshold voltage-

normalized, transfer characteristics of an OFET in the darkand illuminated at 7 wave-

lengths from 435.8 to 690.7nm with a constant optical flux of approximately 5×1013

photons/cm2sec incident on the surface of the polymer film. In Figure 3.2,we show the

OFF-state drain current (extracted from Figure 3.12) alongwith the absorption spectrum

of the F8T2 polymer film. From this figure, we can see that lightwith energy less than

2.4eV (corresponding to the optical gap of the F8T2 films we used) is weakly absorbed

and has little effect on the transfer characteristics, while light with higher energy (from 2.4

to 2.8eV) is strongly absorbed, generating more excitons, and therefore has a much larger

effect. Further evidence to support this explanation is found when we plot the number of

absorbed photons versus the energy of the photons as in Figure 3.2. The total number of

absorbed photons was approximated using the incident photon flux, absorption coefficient

(taken from Figure 3.2), the effective area of the device (W × L), and the thickness of the

polymer.

The dependence of the change in threshold voltage (extracted from the linear regime
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Figure 3.13: Dependence of ON-state drain current, OFF-state drain current, and the change in
threshold voltage on the energy of the incident photons. Extracted from the non-
threshold voltage-normalized transistor characteristics (not shown), using equations
(2.2). Also shown is an estimation of the number of photons absorbed per second in
the channel region of the device as a function of the photon energy.
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transfer characteristics shown in Figure 3.12 using equation (2.2)) on the energy of the

incident photons is shown in Figure 3.13. We can see that the change in threshold volt-

age is significantly larger for the strongly absorbed light,while little change is observed

for light which is weakly absorbed. As explained above, someof the photogenerated

electrons become trapped by and compensate positively charged traps,NT , reducing the

threshold voltage, as we have observed for strongly absorbed light and as shown in Figure

3.13 (∆VT = VTillum − VTdark, therefore a positive∆VT corresponds to a reduction of the

threshold voltage).NT can be estimated from the threshold voltage to be approximately

1017cm−3. The change in threshold voltage of 4V, corresponds to a change inNT , ∆NT , of

approximately 1016cm−3. Further evidence that charge carrier trapping is taking place is

provided by the fact that, after illumination, we are able tobring the devices back to their

original state (i.e., the transfer characteristics shift back to the original state) by annealing

the devices at elevated temperature. The trapped electronsare detrapped faster at higher

temperatures, causing the neutralized traps to become positively charged, thereby shifting

the threshold voltage to its uncompensated value.

The subthreshold swing is not affected by the illumination, as can be seen in Figure

3.12, where the subthreshold swings are equal for all of the characteristics in the dark and

under illumination (note the slope of the line labeled (3)).Since the subthreshold swing

can be related to the density of states (both bulk states and interface states) as shown in

equation (2.5), and since the subthreshold swing is not affected by the illumination, we

conclude that the illumination does not affect the density of states of the polymer. Addi-

tionally, the field-effect mobility of the accumulated holes is not affected by the illumina-

tion, as can be seen from Figure 3.12 (note the slope of the line labeled (2)). This shows

that the light has negligible effect on the electronic properties of the polymer film. Also,

since the field-effect mobility is unchanged in these measurements, we conclude that the
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observed changes in the electrical characteristics are nota result of heating effects in the

polymer.

It is important to note that the major effect of illumination on these devices is the

generation of excitons, and subsequently free electrons and holes in the polymer. Photons

with lower energy can still be absorbed in the polymer (albeit at a much lower rate than the

high energy photons), thereby creating excitons, and causing the effects we have described

above, but to a much smaller degree as compared to the effects caused by the strongly ab-

sorbed photons.

A useful figure merit of a photodetector is the responsivity (R in A/W) of the device,

which is a measure of the photo-induced signal of the device compared to the input power

from the source being detected and has already been defined inequation (3.1). A plot of

R versus gate bias for different wavelengths of incident illumination and a plot ofR versus

photon energy for different gate biases are shown in Figure 3.14 and Figure 3.15, respec-

tively.

From these figures, we see that the responsivity increases asthe device is biased

into the strong accumulation regime and illuminated by strongly absorbed illumination.

In fact, we observe a responsivity greater than 1A/W for devices used under these con-

ditions, which is comparable to the responsivities of otherreported organic photodetec-

tors [14,15,24,25]. For the case of the dependence on the photon energy, shown in Figure

3.15, the higher energy photons, which are strongly absorbed in the polymer, increase the

carrier densities in the polymer, as described above. In thestrong accumulation regime,

the photogenerated holes are accumulated into the channel by the applied gate bias and

cause an increase in the drain photocurrent, which in turn causes an increase in the respon-

sivity. In the OFF-state, fewer holes are accumulated into the channel, therefore the drain

photocurrent and responsivity are observed to be lower in this operating regime.
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Figure 3.14: Responsivity (R), photosensitivity (P) and external quantum efficiency (EQE) ver-
susVGS of the OFET for illumination at different wavelengths/photon energies with
W =56µm, L =6µm, andVDS =-10V.
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Figure 3.15: Responsivity (R), photosensitivity (P) and external quantum efficiency (EQE) ver-
sus the energy of incident photons (measured with a constantoptical flux of 5×1013

photons/cm2sec) for different biasing regimes of an OFET withW =56µm, L =6µm,
andVDS =-10V.
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A second useful figure of merit is the photosensitivity (P), or signal (photo-current) to

noise (dark-current) ratio, of the device, which was described with the approximation of

equation (3.2). For the calculation ofP of our devices under monochromatic illumination,

we approximate the signal as the drain photocurrent of the illuminated device and approx-

imate the noise from the drain current of the device in the dark. The dependence of the

photosensitivity on the applied gate voltage for different incident wavelengths of illumina-

tion and on the energy of the incident photons for different gate biases are shown in Figure

3.14 and Figure 3.15, respectively. We observe that the photosensitivity increases as the

device is biased from the strong accumulation regime into the OFF-state and illuminated

by strongly absorbed illumination. This is the expected result, and can be explained by

examining equation (3.2). Since the noise of this detector is related to the dark current, we

expect the photosensitivity to be lower in the operating regimes where the dark current is

the largest, i.e., in the strong accumulation regime, whichis the observed result shown in

Figure 3.15. The photosensitivity is relatively independent of the applied gate bias when

the device is biased in the OFF-state. For the irradiance values used in this experiment, we

find a photosensitivity near 100 for a device biased in the OFF-state.

In order to evaluate the overall efficiency of the photodetector in converting an inci-

dent optical signal (photons) into an electrical signal (electrons and holes) and allow the

comparison of the performance to other photodetectors, we can determine the external

quantum efficiency (EQE) of the photodetector, which can be defined as [18]:

EQE =
Iph/q

Pinc/hν
(3.8)

and corresponds to the ratio of collected charge carriers tothe number of incident photons.

The dependence ofEQE on photon energy for different gate biases and on gate bias for

different incident wavelengths is shown in Figure 3.14 and Figure 3.15, respectively. We

see from these figures that theEQE increases as the device is biased from the OFF-state



88

into the strong accumulation regime and is larger for strongly absorbed illumination. In

fact, anEQE greater than 100% is found for a device biased in the strong accumulation

regime and subjected to strongly absorbed illumination. For the case of strongly absorbed

photons, the same flux of photons is converted to a higher density of charge carriers inside

the polymer, and theEQE of the device is higher, as we expect. As with the responsivity,

the device is expected to accumulate and collect the excess,photogenerated holes more

efficiently in the strong accumulation regime.

Several comments should be made with regards to the measurements and calculations

performed to find theEQE (as well as the other figures of merit) of these devices. As noted

above, under illumination, OFETs exhibit shifts in their electrical characteristics that are

believed to be due to the increased carrier concentration and subsequent trapping of charge

carriers. These effects, which are similar to the memory effect or persistent photoconduc-

tivity which has been observed in organic materials [26–29], are not instant compared to

the timescale of the measurement and accumulate as the measurement proceeds. These ef-

fects are characterized by an accumulating change in the conductivity of the polymer film

as it is exposed to illumination, which persists after the illumination has been removed.

The polymer can be annealed, as described above, to facilitate relaxation to the original

state, and allow better comparison of subsequent measurements. In order to overcome the

cumulative effects described here, which build-up as the measurement progresses, pulsed-

gate and pulsed-illumination experiments need to be performed.

Values of responsivity and photosensitivity alone providelimited information about

the quality and performance of the photodetector. The sensitivity of the device can be

much more completely characterized by the combination of these measures, as well as

another useful figure of merit, the noise-equivalent power (NEP in WHz−0.5). TheNEP is

a measure of the minimum detectable optical power or, in other words, the optical power
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required to produce a signal-to-noise ratio of unity. The NEP can be defined as [30]:

NEP =
IN

R
=

IN × Pinc

Iph
(3.9)

whereIN is the noise current. For the determination ofNEP, we used a calculated value

for the noise current of the device that took into consideration the shot (or generation-

recombination) noise and Johnson noise, referenced to a bandwidth of 1Hz. We deter-

mined the dependence ofNEP on applied gate bias for different illumination wavelengths

and incident photon energy for different gate biases. TheNEP remains flat, with a value of

approximately 10−14WHz−0.5, as the device is biased from the strong accumulation regime

into the OFF-state and when illuminated by light which is strongly absorbed. Since the

noise current is related to the drain current of the device, it is expected to be larger in

the strong accumulation regime than in the OFF-state. From Figure 3.14, we see that the

responsivity of the devices shows a similar variation. The result is anNEP that has little

variation on the applied gate bias. TheNEP is reduced for higher energy photons, since

the noise current remains the same but the responsivity is increased for the higher energy

photons, as described above.

In general, we humans do not like to connect a decreasing number to an increase in de-

vice performance. In contrast, we would rather connect increased performance of a device

to an increasing number, therefore, we can define the specificdetectivity (D∗) for these

devices as [30]:

D∗ =

√
A

√

∆ f

NEP
(3.10)

whereA is the effective area of the device and∆ f is the referenced bandwidth (=1Hz ).

For an incident wavelength of 500nm, we find the specific detectivity of a device (in both

the OFF-state and ON-state) to be approximately 2×1011 cmHz0.5W−1.
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Dependence on irradiance

To investigate the effects of monochromatic illumination further, we again measured

the transfer characteristics of an OFET under illuminationat a wavelength of 460nm, at

different levels of irradiance. This type of experiment allowedus to explore the depen-

dence on the number of absorbed photons, since at larger irradiance levels, it is expected

that more photons are absorbed in the polymer film. These results are shown in Figure

3.16, where we plot the threshold-voltage normalized, linear regime transfer characteris-

tics. We chose to use 460nm because it lies in the absorption peak of F8T2, and allowed

a larger range of incident, and therefore absorbed, opticalflux. We can see, from Fig-

ure 3.16, that the effects of the illumination increase (i.e., the OFF-state drain current

increases and the threshold voltage is reduced) as the irradiance is increased, similar to the

effects of broadband illumination [23]. This is the expected effect, since as the irradiance

is increased, the polymer film is exposed to a higher flux of photons, thereby generating

more charge carriers. The increased number of electrons causes a greater reduction of the

threshold voltage, by the neutralization of the positivelycharged traps, while the increased

number of holes causes the channel to have a higher conductivity. And, again, we see that

the field-effect mobility and subthreshold swing are not affected by the illumination and

have no dependence on the incident irradiance as can be deduced from Figure 3.16 (note

the slopes of the lines labeled (2) and (3)). The dependence of the change in threshold

voltage, ON-state and OFF-state drain currents, and numberof absorbed photons on the

incident irradiance are shown in Figure 3.17. Note that eachparameter plotted in Figure

3.17 has a linear relationship with the number of incident photons and, assuming that the

absorption coefficient is not strongly dependent on the incident photon flux inthe range

we use here, this is evidence that the observed effects described above are related to the

number of absorbed photons.
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In Figure 3.18, we plot the responsivity (found using equation (3.1)) and photosen-

Figure 3.16: Threshold voltage-normalized transfer characteristics of OFET illuminated at a wave-
length of 460nm (corresponding to maximum absorption of theF8T2 polymer film)
for different irradiance levels. The straight lines are fits using equations (2.2) and
(2.4).

sitivity (found using equation (3.2)) of the device as a function of applied gate bias for

various irradiance levels. With the caveats stated above, regarding the memory effect of

illuminated organic materials, we see that the responsivity reaches values greater than

1A/W in the strong accumulation regime and is reduced as the device is biased into the

OFF-state. We can also see that the responsivity is highest for the lower irradiance levels.

It is possible that this effect is due to the saturation of the drain photocurrent in the strong

accumulation regime, even at low incident irradiance levels. Therefore, in the strong accu-

mulation regime, the drain current is expected to be similarfor each irradiance level, and

the calculated responsivity is expected to be governed by the value of the irradiance. The

photosensitivity increases as the device is biased from thestrong accumulation regime into

the OFF-state, is largest for the highest irradiance level,and is relatively independent of

the applied gate bias in the OFF-state, corresponding to theexplanation we have presented
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Figure 3.17: Dependence of ON-state drain current, OFF-state drain current and the change in
threshold voltage on irradiance at a wavelength of 460nm. Also shown is the number
of photons absorbed in the channel region of the device as a function of incident
irradiance.
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above.

Since the responsivity (R) is dependent on the incident power (Pinc), we expect and

observe that the measured responsivity for the case of strongly absorbed illumination (i.e.

monochromatic light of the proper energy) is much larger than the case of a device illumi-

nated from a broadband source in which the majority of the illumination is not absorbed

and therefore does not contribute to the photocurrent, as shown in Figures 3.8 and 3.18.

In contrast, the photosensitivity (P) is not directly normalized by incident optical power,

therefore, as shown in Figures 3.8 and 3.18, we observe that amuch larger incident power

of broadband illumination is necessary to produce similar photosensitivities as that mea-

sured for a much lower incident power of monochromatic illumination.

In Figure 3.18 we also plot theEQE (found using equation (3.8)) of the device as a

function of applied gate bias for various irradiance levels. From this figure, we see that

the EQE decreases as the device is biased from the strong accumulation regime to the

OFF-state. At larger gate biases, more of the photogenerated holes are accumulated and

contribute to the drain photocurrent, therefore the efficiency of the device is higher in the

strong accumulation regime as compared to the OFF-state. Wesee from Figure 3.18 that

as the irradiance is increased, theEQE decreases. For the case of these measurements, we

are using a constant illumination wavelength, and therefore a constant photon energy. With

the assumption that the absorption coefficient is not dependent on the incident irradiance,

we see from Figure 3.17 that the number of absorbed photons retains a linear relationship

with the incident irradiance. Therefore, we speculate thatat the higher irradiance values,

phenomena such as exciton-exciton annihilation and electron-hole recombination occur,

reducing the number of photogenerated carriers that can contribute to the drain photocur-

rent. This, in turn, reduces the external quantum efficiency. We observed a nearly linear

increase ofNEP with irradiance from approximately 3×10−15 to 1×10−14 WHz−0.5 over
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Figure 3.18: Responsivity (R), photosensitivity (P) and external quantum efficiency (EQE) of
an OFET versusVGS for various irradiance levels at a wavelength of 460nm with
W =56µm, L =6µm, andVDS =-10V.
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the range of irradiance used here, at a wavelength of 460nm. Processes such as exciton

annihilation or carrier recombination effectively reduce the signal that is detected by the

device (i.e., the drain photocurrent is smaller than if no recombination occurs). Since the

NEP is a measure of the smallest detectable optical power, if thesignal is reduced in the

device due to these non-idealities, theNEP is expected to increase.

Another measure, which is related to the photosensitivity,is the ratio of total drain

current under illumination to drain current in the dark, which is referred to as the photore-

sponse and has been defined in equation (3.3).RL�D is a useful paramater for extracting

more physical parameters from the illuminated versus dark electrical characteristics of

the OFET. The dependence ofRL�D on gate bias and incident photon energy is similar

to that of the photosensitivity (i.e., increases from strong accumulation to OFF-state and

for strongly absorbed illumination and is independent of the applied gate bias in the OFF-

state). RL�D increases from nearly unity in the strong accumulation regime to approxi-

mately 75 in the OFF-state (depending on the irradiance level). In the OFF-state, this ratio

is relatively independent of the gate bias. In the strong accumulation regime, the density of

accumulated carriers is due mainly to the applied gate bias,as opposed to the illumination

(for the range of irradiance values use here). In the OFF-state, the photogenerated charge

carriers are the major contribution to the free carrier density in the channel, andRL�D is

strongly dependent on the incident irradiance. Again, we note that the ratio exhibits a

power law dependence on the irradiance, as in equation (3.4). This follows from a model,

which has been developed for the photo-field effect in amorphous semiconductor-based

TFTs [11, 12, 20]. The major assumptions in this model are that the total density of states

around mid-gap are constant, there is a symmetric overlap ofdonor and acceptor states

around mid-gap, and that the field-effect is governed by the bulk states and not by the in-

terface states. It is also assumed that the Fermi level splits into quasi-Fermi levels under
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illumination, which must be the case for spatially dependent carrier generation, since the

carriers need to diffuse and redistribute. These assumptions do not seem unreasonable for

organic materials, therefore, we assume this model to be valid for OFETs, and the results

are shown in Figure 3.19.

Similar to the case for broadband illumination, the dependence ofγ on VGS can be de-

Figure 3.19:γ-factor of the OFET versusVGS for various irradiance levels at a wavelength of
460nm.

scribed using equations (3.5a), (3.5b), (3.6) and (3.7). InFigure 3.19, we see that we can

fit the data in the regionVFB < |VGS | < VGC using equation (3.5a) withVGC equal to ap-

proximately−27V. This gives aβ value of approximately 9.4×105. If we assume a value

of 1018cm−3eV−1 for 2N f (estimated from equation (2.5) withNS S = 0), we find thatL is

equal to 1.1×1021cm−3eV−2 from equation (3.7). Note that this simple calculation assumes

that NS S = 0. If NS S > 0, then bothN f andL will be reduced to maintain the constant

value ofβ. In the case of our devices,γ0 from experimental data is approximately 0.6,

while the fit using equation (3.5b) gives aγ0 value of approximately 0.7.

It is possible to determine the flat-band voltage (VFB) of the OFET from Figure 3.19
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using a method similar to that of Schropp, et al [11, 12]. The density of accumulated

holes in the channel does not increase for applied gate biases from the flat-band voltage to

more positive voltages and the source and drain electrodes block electrons coming from

the conduction band (LUMO). Therefore the ratio of drain current under illumination over

drain current in the dark is constant for positive applied gate biases. As the gate is biased

from the flat-band voltage to more negative biases, the logarithm of the current ratio is

approximately proportional toVGS − VFB. As did Schropp, et al, we assume that there is

no shift in the flat-band voltage under illumination. We extract the flat-band voltage from

the crossing point of equations (3.5a) and (3.5b), and we findthe VFB of this device to

be equal to−12V. As stated above, this negative value ofVFB is evidence of an effective

charge (i.e., trapped charge) within the channel and contributes to the relatively large value

of the threshold voltage of these OFETs.

3.3 Conclusion

We have studied the electrical performance of F8T2-based OFETs under monochro-

matic illumination, and have examined their performance asphotodetectors. For these

devices, the major effect of the absorbed light is a significant increase in the OFF-state

drain current and a reduction of the threshold voltage by several volts, depending on the

illumination conditions. The field-effect mobility and subthreshold swing are not affected

by the illumination. These effects are explained by the photogeneration of excitons in the

polymer, which diffuse and dissociate into free charge carriers. The effects on the OFF-

state drain current and threshold voltage are dependent on the wavelength and irradiance

of the incident illumination. Photons with energy below theoptical-gap of the polymer are

weakly absorbed, generating few excitons, and therefore have little effect on the electrical

characteristics of the OFET. Whereas, higher energy photons are more strongly absorbed
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in the polymer, generating a higher density of excitons, andcausing larger changes in the

electrical characteristics. This explanation is confirmedby examining the effects of the

level of irradiance at a single photon energy on the electrical characteristics of the OFETs.

We have also presented the relevant photodetector figures ofmerit, such as the re-

sponsivity (R), photosensitivity (P), external quantum efficiency (EQE), noise-equivalent

power (NEP) and specific detectivity of these devices, with typical values greater than

1A/W, 100, 100%, less than 10−14WHz−0.5, and approximately 2×1011 cmHz0.5W−1 re-

spectively, depending on the illumination and bias conditions. The dependence of these

parameters on photon energy, irradiance, and applied gate bias have also been presented

and explained. From a system point-of-view, it is generallydesirable to have a detector

with the highest sensitivity. The responsivity and photosensitivity indicate the sensitivity

of the device, however, they do not take the noise into account. Therefore, to be more

specific about the performance of the detector, the key figureof merit is usually quoted

as the detectivity or specific detectivity, which we have described and has been related to

the noise equivalent power above. For comparison, we note that, in general, the inorganic

photodetector counterparts (i.e., InAs- and PbS-based photodiodes) provide responsivity

greater than 1A/W, external quantum efficiency of 100%, and specific detectivity greater

than 2×1011 cmHz0.5W−1 in the visible range of wavelengths.

We propose the use of a model developed for amorphous semiconductor-based TFTs

under illumination to aid in the description of the effects of illumination on the OFETs.

Our results agree well with this proposed model. Using this method, we find a flat-band

voltage (VFB) of approximately -12V for these F8T2-based OFETs.
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CHAPTER 4

HYSTERESIS IN THE ELECTRICAL CHARACTERISTICS OF
PF-BASED OFETS

In this section, we describe a study of measurement-inducedshifts (hysteresis) in the

transfer characteristics and output characteristics of organic field-effect transistors. We

believe that this hysteresis is related to the charge carrier trapping in the organic polymer, at

or near the semiconductor to gate insulator interface, and is triggered by the accumulation

of a large density of carriers in the channel of the device dueto the applied gate bias. We

show that the hysteresis width and the corresponding hysteresis charge depend strongly

on the maximum applied gate-to-source bias, but do not exhibit a strong dependence on

the measurement time nor the applied drain-to-source voltage. We have also investigated

the dependence of the hysteresis width on temperature and incident illumination and these

results provide further insight into this phenomenon.

4.1 Hysteresis in the electrical characteristics of OFETs

Hysteresis in the electrical transfer characteristics of organic devices, especially tran-

sistors, is a commonly observed effect that has been either directly or indirectly reported

by several research groups. Scheinert et al proposed that, in the devices with inorganic

insulators they studied, the major cause of the hysteresis appeared to be movement of
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mobile ions (i.e., intentionally or unintentionally dopedspecies) in the polymer semicon-

ductor layer that results in a shift of the flat-band voltage [1, 2]. Klauk et al investigated

the use of a pentacene-based organic transistor with an organic insulator [3]. This device

structure provided enhanced mobility, however, it also exhibited a significant amount of

hysteresis, which has been attributed to the accumulation of a space charge, possibly in

the form of mobile ions, at the interface between the dielectric insulator and the organic

semiconductor. Uemura et al provided a solution to this problem by introducing an insula-

tor treatment based on a clay mineral that adsorbs the ions, thereby reducing the observed

hysteresis effects [4].

More recently, charge trapping in the organic semiconductor layer has been introduced

as the explanation for the observed hysteresis in the transfer characteristics of pentacene-

based OFETs with untreated inorganic insulators (such as SiO2, Al2O3 and LaAlO3) [5,6]

and with an organic insulator (polymer electrolyte) [7]. Recent results for the case of poly-

mer semiconductors showed that the surface modification of an inorganic insulator (SiO2)

with octadecyltrichlorosilane (OTS) could reduce the hysteresis effects for devices based

on rr-P3HT, but, for the case of short channel devices, hysteresis was still observed for

devices based on PQT-12 [8,9].

Additionally, hysteresis effects in the current-voltage characteristics of various two-

and three-terminal device structures have been used to demonstrate devices for memory

applications [10–16]. In general, the three terminal memory devices utilize a polarizable

or ferroelectric gate insulator to provide the bistability.

In this section, we describe a study of the hysteresis in the electrical characteristics as

it pertains to a defined-gate device based on a polyfluorene derivative active layer and the

effects of the applied gate bias, measurement temperature and incident illumination.
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4.1.1 Experimental results and analysis

Dependence on gate and drain bias

The F8T2-based OFET structures with an a-SiN:H insulator exhibit significant hystere-

sis in their transfer characteristics. We have investigated various circumstances that affect

the observed hysteresis. We measured the transfer characteristics of our devices by cy-

cling the gate-to-source voltage (VGS ) and thereby taking the device from the OFF-state,

to the ON-state for various maximumVGS (VGS max), and back to the OFF-state as shown in

Figure 4.1. We have observed an apparent shift, or hysteresis, in the transfer characteristics

from higher to lowerVGS values. Note that, contrary to the above statement, the device was

not annealed between measurements, which explains why there is an overall shift in the

characteristics (i.e., ideally, for devices annealed between measurements, there should be

minimal residual threshold voltage shift and the OFF to SA portions of the curves would

be more closely in line, while the SA to OFF portion is expected to be shifted depending

on the maximum applied gate bias). To investigate the cause of the hysteresis in the trans-

fer characteristics, we made similar measurements but varied the gate-to-source voltage

step and hence the total measurement time, since the time perstep is constant, as shown in

Figure 4.2(a). From these results, we observed that the hysteresis width does not appear

to depend on the measurement time and therefore should not beattributed to a persistent

type of device aging caused by this short range of measurement times. In light of recent

results presented by Salleo et al [18], it seems reasonable to suggest that the hysteresis

is caused by charge carriers (i.e., holes) that exist in shallow, localized states within the

channel region and are relatively easily removed from the channel once the gate bias is re-

moved. We note the difference between this mechanism and the formation of and trapping

of holes into deep localized states that would correspond toa persistent shift, or device

aging. These effects are described in more detail below.
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We have observed different values of the shift for samples based on different poly-

Figure 4.1: Transfer characteristics (measured from OFF toStrong Accumulation (SA) to OFF)
of device measured to different maximumVGS (VGMax). Also shown for reference
is transfer characteristics of OFET on semilog scale. Linesare fits to equations (1)
and (2). For this device, L= 16µm, W = 56µm and the source/drain-gate overlap is
approximately 5µm.

mers, but using the same device size and structure. These results lead us to believe that

the shift is due to charge trapping in the organic polymer film, most likely in the channel

region near the interface with the gate insulator (a-SiNx:H). As a qualitative measure of

the amount of hysteresis, we define the density of trapped charge that can account for the

shift of the transfer characteristic, or hysteresis charge, as:

Qhyst = Cins × ∆VGS (4.1)

whereCins is the gate insulator capacitance (F/cm2) and∆VGS is the hysteresis width (V)

for a constant value ofID. The value ofID was selected to ensure that the different val-

ues ofQhyst were extracted under similar OFET operating conditions (i.e., at some point

in the strong accumulation regime).Qhyst does not necessarily have a specific physical

meaning, though it is a measure of the threshold voltage shift and this is described in
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more detail below. We can clearly see, from Figures 4.1 thatQhyst depends strongly on the

maximum gate voltage applied during the measurement of the device. Therefore, when

the gate voltage is swept in the forward direction (OFF-state to ON-state, the first half of

our measurement), the charge accumulation/trapping and accompanying transfer charac-

teristic shifts occur gradually as the measurement progresses, i.e., as the magnitude of the

gate-to-source voltage is increased. Whereas, if the gate voltage is swept in the reverse

direction (ON-state to OFF-state, the second half of our measurement), the majority of

charge accumulation/trapping and the corresponding shift in the transfer characteristics

occur immediately when the measurement begins (i.e., at thepoint of maximumVGS ).

One possible explanation for this phenomenon is that the accumulated charge, which is

induced by and depends on the applied gate bias, is accumulated into localized states (i.e.,

traps) in the organic semiconductor at or near the interfacebetween the active organic

semiconductor layer and the gate insulator layer, thereby leading to a shift in the threshold

voltage of the transistor which is evident in the transfer characteristics (ID − VGS ) of the

device. To further investigate the hysteresis, we measuredthe OFF-ON-OFF transfer char-

acteristics in a back-to-back manner as shown in Figure 4.2(b). In this measurement, we

observed that the second forward characteristic (OFF to ON)is not as shifted as the first

reverse characteristic (ON to OFF). This evidence supportsthe explanation of the cause of

the hysteresis as shallow, easily reversible, localization of charge carriers in the band-tail

states of the organic semiconductor, at or near the interface between the organic semicon-

ductor and gate insulator layers and not persistent device aging, since the majority of the

shift is immediately reversible (i.e., the shift does not persist from one characteristic to the

next).

We have also measured the output characteristics (ID −VDS ) of our devices by cycling

the drain-to-source voltage (VDS ) from VDS = 0V, to VDS = VGS (saturation regime), and
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(a)

(b)

Figure 4.2: (a) Transfer characteristics (from OFF to ON to OFF) for different total measurement
time (i.e., varying step time, with same number of steps). (b) Transfer characteristics
(from OFF to ON to OFF) measured back-to-back, with no time delay between mea-
surements.
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back toVDS = 0V. The results for measuring to a single maximumVDS for several values of

VGS are shown in Figure 4.3(a). Additionally, Figure 4.3(b) shows the results for measur-

ing to a different maximum value ofVDS for a single value ofVGS . From these figures, we

can see that there is no appreciable hysteresis in the outputcharacteristics as the drain to

source voltage is swept in the reverse and then forward directions while the gate to source

voltage is held constant. This does not contradict the ideasstated above concerning the

transfer characteristics. The output characteristics aremeasured at a constant gate voltage;

therefore all of the charge trapping and any accompanying threshold voltage shift occur

immediately when the measurement begins and the resulting curve does not depend on the

direction in which it is measured. More importantly, a threshold voltage shift would not be

seen as a hysteresis in the output characteristic (ID−VDS ) curves, which would correspond

to a shift inVDS , not inVGS . It should be noted that the slight shift in the output characteris-

tic (for VDS from 0 to high V to 0) may be attributed to measurement-induced device aging

since the device is held at a relatively highVGS for an extended period of time, which may

allow a significant amount of irreversible (i.e., persistent) charge trapping to take place.

These results show that further investigation of the hysteresis phenomenon should focus

on the change of the drain current with gate bias (i.e., transfer characteristics) rather than

the change of the drain current with drain bias (i.e., outputcharacteristics).

The hysteresis charge as a function of maximum applied gate bias, taken from Figure

4.1 using equation 4.1 is presented in Figure 4.4. As noted above, the hysteresis charge

is strongly dependent on the maximum applied gate bias as shown here. A best fit of the

experimental data shown in this figure is of the form:

Qhyst = Qo + A · eb·VGS max = −1.8× 10−8 + 1.4× 10−8e(0.02·VGS max) (4.2)
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(a)

(b)

Figure 4.3: (a) Output characteristics (VDS = 0V to VDS = -highV to VDS = 0V) for sameVDS max

and differentVGS . (b) Output characteristics (VDS = 0V to VDS = -highV toVDS = 0V)
to a largerVDS max.
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However, a similar, but simpler exponential form, such as:

Qhyst = A · eb·VGS max = 4.9× 10−9e(0.03·VGS max) (4.3)

can provide a similar fit of the experimental data and is also shown in Figure 4.4 for ref-

erence. From these results, we observe that the hysteresis charge exhibits an exponential

dependence on the applied gate bias.

To continue with this study, we have characterized the effects of temperature and illu-

Figure 4.4:Qhyst as a function ofVGS max, taken from the data of Figure 4.1, with two different
exponential fits.

mination (both irradiance and wavelength) on the hysteresis in the linear regime transfer

characteristics of a device. The results are presented below.

4.1.2 Dependence on temperature

We have previously described the effects of temperature on the electrical performance

of the F8T2-based OFETs used in this study [19]. In Figure 4.5(a), we present results

obtained for a device hysteresis characteristics measuredover a range of temperatures.

From this figure, we can see that the most notable effect of increasing the temperature is
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an increase in the ON-state drain current, due to the thermalactivation of the field-effect

mobility of the device with an activation energy of approximately 0.2eV. The OFF-state

drain current was observed to be thermally activated with a similar activation energy, as

well and it is important to note that the threshold voltage ofthese devcies exhibit little

dependence on the temperature. Additionally, while the ON-state drain current increases

with temperature, the hysteresis charge shows almost no thermal dependence as shown in

Figure 4.5(c). Since it is apparent that the major effect of temperature is on the transport

of carriers within the channel and not necessarily on the level of accumulation of carriers

in the channel, these results are further evidence that the amount of hysteresis is mostly

dependent on the level of charge carrier accumulation.

4.1.3 Dependence on illumination

Earlier, we described the effects of broadband and monochromatic illumination on the

electrical performance of OFETs [20, 21]. In Figures 4.6(a)and 4.8(a), we present the

transfer characteristics, exhibiting hysteresis, for devices measured under various wave-

lengths of illumination and various levels of irradiance ofstrongly absorbed illumination,

respectively. From these plots, we see that the hysteresis charge exhibits an appreciable

dependence on both the wavelength and the irradiance of the incident illumination.

Since we expect strongly absorbed light to generate more charge carriers in the chan-

nel than weakly absorbed illumination, and since the hysteresis charge is dependent on the

level of charge density in the channel, we expect (and observe) that the hysteresis charge

follows the absorption coefficient curve as shown in Figure 4.6(b). Additionally, as shown

in Figure 4.7(a), we see that the hysteresis exhibits a linear dependence on the absorption

coefficient. Furthermore, we can estimate the number of absorbed photons from:

Nabs ≈ Ninc

(

1− e−α·d
)

· A · t (4.4)
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(a)

(b)

(c)

Figure 4.5: Transfer characteristics (from OFF to ON to OFF)for device measured at different
temperatures on (a) linear and (b) semilog scales. (c)Qhyst (as defined in the text)
and|ION | as functions of the measurement temperature for the data presented in Figure
4.5(a).
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(a)

(b)

Figure 4.6: (a) Transfer characteristics (measured from OFF-SA-OFF, double arrow corresponds
to first portion of measurement) of a device measured under illumination at different
wavelengths for the same photon flux. (b) (filled circles) Dependence of hysteresis
charge (taken from data presented in Figure 4.6(a) and (line) absorption coefficient on
the energy of the incident photons.
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(a)

(b)

Figure 4.7: Hysteresis charge versus (a) absorption coefficient and (b) number of absorbed photons
for devices of different thickness.
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whereα is the absorption coefficient of the polymer layer for the incident wavelength of

the illumination (cm−1) , Ninc is the incident flux of the monochromatic illumination pho-

tons (#/cm2s) , t is the time required to complete the measurement (s) andd is the thickness

of the polymer layer (cm). When the data are presented as in Figure 4.7(b), the hysteresis

charge shows a linear dependence on the number of absorbed photons. There is no observ-

able dependence on film thickness, within the range of thicknesses we have used here.

The hysteresis charge, taken from Figure 4.8(a), is shown versus the irradiance level

of 460nm illumination in Figure 4.8(b). We chose 460nm sinceit is within the range of

strongly absorbed wavelengths. Since we expect that the higher irradiance should increase

the charge carrier density in the channel due to a higher density of photogenerated carriers

and since the hysteresis charge is dependent on the level of carrier density in the chan-

nel, the observed result of increasing hysteresis charge with increasing irradiance is the

expected result.

4.2 Reduction of hysteresis

It has been observed that the hysteresis of similar devices can be reduced through the

use of an organic insulator with a low dielectric constant [22], as well as through the use of

inorganic insulators [6]. Veres, et al., have proposed thatthe localization of charge carriers

in the vicinity of the channel region, which can lead to the observed hysteresis, can be en-

hanced by the increased energetic disorder and broadening of the semiconductor density

of states due to dipolar disorder effects from an insulator with inherent polarization [22].

In other words, polarization at the surface of the insulatorincreases the (already present)

energetic disorder within the organic semiconductor, nearthe interface, which leads to in-

creased hysteresis. The use of insulators with low surface polarization (whether it is an
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(a)

(b)

(c)

Figure 4.8: Transfer characteristics (from OFF to ON to OFF)for a device under monochromatic il-
lumination at 460nm and different irradiance values shown on (a) linear and (b) semilog
scales. (c)Qhyst taken from transfer characteristics of Figure 4.8(a) measured under dif-
ferent illumination conditions.



116

organic or inorganic insulator) is therefore expected to allow a reduction of the hystere-

sis. We have observed that the hysteresis can be significantly reduced, if not eliminated

through the use of a low temperature thermally cross-linkable organic gate insulator. This

material can be cross-linked at temperatures as low as 100◦C and possesses a relative di-

electric constant of approximately 3.7. The transfer characteristics of two devices, one

with only a thermally grown silicon oxide layer and one with similar structure but with

the addition of a thin layer of Merck gate insulator (betweenthe silicon oxide and F8T2),

are presented in Figure 4.9. Each device uses the heavily doped Si substrate as the un-

patterned gate electrode and thermally evaporated Au interdigitated top source and drain

contacts.

These devices did exhibit a significant amount of gate leakage, which was similar

Figure 4.9: Linear regime transfer characteristics for twodevices. Black circles are for a device
using only SiO2 as a gate insulator and blue triangles are for a device with the addition
of an organic insulator between the SiO2 and F8T2.

for each device, even with the addition of the organic insulator. The figure that is more

important than the actual value of the gate leakage is the ratio of desired drain current to

undesired gate leakage current, which can be thought of as a kind of signal to noise ratio.
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For F8T2 devices with un-patterned gate electrodes, we notethat the gate leakage current

is of the same magnitude as the drain current, and affects the measurement of the drain cur-

rent at high gate-to-source biases (above approximately -25V here). However, despite this

non-ideality, we can see from the figure above that the addition of the Merck insulator re-

duces the hysteresis to well below our measurement uncertainties for gate voltage sweeps

from OFF-ON-OFF. Additionally, note the linearity of the linear curve for the device with

organic insulator compared to that for the device without the organic insulator. When the

curves in Figure 4.9 are corrected by normalizing with capacitance (as shown in Figures

4.10(a) and 4.10(b), we find that the field-effect mobility is the same for each device, but

the threshold gate charge is significantly reduced for the device with the organic insula-

tor interlayer. The subthreshold swings of the devices (taken from the charge-normalized

plots) show that the modified device turns on faster with gatecharge. We also note that

the normalization has no effect on the observed (and extracted) hysteresis of each curve.

These results demonstrate that the reduction of charge trapping (localization) at the active

layer/gate insulator interface, through the use of an organic (or otherwise low-κ) inter-

layer, has a profound effect on the electrical performance of the device by eliminating the

hysteresis and reducing the threshold charge as well as the subthreshold swing.

4.3 Conclusion

All of these results support the idea that the hysteresis charge is dependent on the den-

sity of charge carriers in the channel. Additionally, it appears that the hysteresis may be

tied to or result in a gate-bias-dependent threshold voltage, which is thought to arise from

charges being trapped into surface states/interfacial traps. For example, as we bias the de-

vice from OFF to SA, charge carriers gradually fill up surfacestates causing a gradual shift

in the threshold voltage. However, as we bias the device fromSA to OFF, we expect most



118

(a)

(b)

Figure 4.10: Normalized linear regime transfer characteristics of devices from Figure 4.9 plotted
on (a) linear-linear and (b) semi-log scales to allow visualcomparison of field-effect
mobility, threshold charge and subthreshold swing.
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of the change in threshold voltage (charge trapping into surface states/interfacial traps) to

occur near the beginning of the measurement causing the observed behavior for the mea-

surement in this direction. As we continue to move towards the OFF-state, the charges

may/may not begin to be (slowly) liberated from these states. This is a possible explana-

tion for the different threshold voltages observed for measurements from OFF to SA and

SA to OFF, as well as the non-ideal curvature of the measurement from OFF to SA.

We have studied the hysteresis in the electrical characteristics of our organic field-

effect transistors. While we observe significant hysteresis inthe transfer characteristics,

we see no appreciable hysteresis in the output characteristics. We have shown that the

hysteresis width, which can be related to a hysteresis charge, depends strongly on the

maximum gate-to-source voltage used, but not on either the measurement time nor the

drain-to-source voltage. This leads us to believe that the hysteresis is related to the charge

carrier trapping in the organic polymer, at or near the organic semiconductor/ gate insu-

lator interface, which is triggered by the accumulation of alarge density of carriers in the

polymer channel of the device.

Finally, we note that the hysteresis in the transfer characteristics of the F8T2-based de-

vices is eliminated by the use of an organic insulator layer between the inorganic insulator

and the active layer. This interlayer effectively reduces the threshold gate charge (related to

the threshold voltage of the device) and reduces the gate-charge normalized subthreshold

swing, while the field-effect mobility of the device remains relatively unchanged.
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CHAPTER 5

BIAS - TEMPERATURE STRESS AND INSTABILITIES OF
PF-BASED OFETs

In general, the electrical properties of electronic devices are expected to change over

the lifetime of the device, resulting in a degradation of theelectrical performance of the

device. It is important to minimize the device instability,to facilitate the development of

reliable devices and applications. In order to develop robust devices that exhibit the small-

est degradation over time, there is a need to investigate theeffects of and understand the

cause of the device degradation.

In this chapter, we describe the study of the instabilities of OFETs. The instability

mechanisms are investigated through the means of bias-temperature stress (BTS) experi-

ments, in which the device is subjected to a specified gate bias for a specified amount of

time and at a specified temperature. We present the results ofthe effect of stress time,

stress bias and stress temperature.

5.1 Bias -temperature stress of OFETs

It has been observed by many authors that the electrical performance of this class of

devices can change significantly with time due to the electrical instabilities of the de-

vices [1–6]. The electrical stability of OFETs is an important factor regardless of which

122



123

application is considered. For example, in active matrix flat panel display addressing, a

threshold voltage shift of the OFET could result in a reduction of the pixel luminance un-

less it is compensated by the use of specific pixel electrode circuits.

In this section, we present the results of our study of the electrically- and thermally-

induced instabilities of a polymer-based OFET through the use of accumulation (i.e., neg-

ative) bias-temperature stress [7,8]. For the case of negative DC BTS over long time scales

(104sec), we have used both interrupted and non-interrupted stress methods measured over

a range of temperatures (293K< Tst < 353K). The major observable effect is a shift of

the threshold voltage to more negative values as the stress time accumulates, causing a

decrease in the drain current at a specific applied gate bias.The observed dependence

on stress temperature is analyzed in terms of the kinetics ofthe stress mechanism. This

analysis is performed by unifying the threshold voltage shift curves through either the nor-

malization of the accumulated stress time by a thermally activated time constant for the

stress or by using a thermalization energy. The observed bias stress effects are reversible at

room temperature in the dark. However, recovery of the device is accelerated at elevated

temperatures and by illumination with strongly absorbed illumination, as has been ob-

served by others [5], indicating charge trapping/de-trapping as the general stress/recovery

mechanism.

5.1.1 Experimental methods

The bias temperature stress experiments and transfer characteristics measurements

(drain current versus gate-to-source voltage,ID −VGS ) of the OFET were performed in the

dark, at various temperatures using a Karl Suss PM8 probe station, and an HP4156 semi-

conductor parameter analyzer controlled by Interactive Characterization Software (Met-

rics). The transfer characteristic measurements performed in this study were measured
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from the strong accumulation (i.e., ON-state) to the OFF-state to provide the most reliable

and repeatable results. A Signatone QuietTemp temperaturecontroller and hot-chuck were

used to control the temperature of the devices between 283K and 353K. All measurements

were performed in ambient atmosphere.

5.1.2 Experimental results and analysis

DC BTS

Conventional bias temperature stress (BTS) experiments have been performed, in which

the device is subjected to a constant (DC) gate bias for a given stress time, at a given stress

temperature. At several pre-selected times, the stress is interrupted and the linear regime

transfer characteristics are measured, followed by the continuation of the electrical stress.

Transfer characteristics obtained after such a stress at room temperature are shown in Fig-

ure 5.1. We can clearly see in Figure 5.1 that a negative (i.e., accumulation) BTS, during

which the device is biased in the accumulation regime, has a very large effect on the thresh-

old voltage but does not significantly affect the field-effect mobility or subthreshold swing

as shown in Figure 5.2. This is consistent with BTS experiments performed on inorganic

devices, as well as other organic devices [2,6,8–14].

On the other hand, after a positive (i.e., depletion) BTS, during which the device is in

the OFF-state, the electrical characteristics become degraded (threshold voltage shifts and

subthreshold swing increases) for accumulated stress times up to approximately 1000 sec

, as shown in Figure 5.3. However, as we can see in Figure 5.4, as the stress is continued

to longer accumulated stress times, the device appears to begin to return to the normal, un-

stressed state. The threshold voltage and subthreshold swing return to pre-stressed values.

One possible explanation for this observation is that the stress we are observing is due to

the measurement of the device when the stress is interruptedand is not necessarily due to

the applied positive gate bias.
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Figure 5.1: Typical linear regime transfer characteristics taken before and between bias stressing
episodes.∆VT is defined in this plot as the voltage shift between the extracted threshold
voltage before stressing and after stressing to a certain time.

We should note that, in both cases, the electrical performance of the device is restored

after relaxation. In this study, we have focused on the negative electrical stress experi-

ments. More precisely, we have investigated the dependenceof the threshold voltage shift

obtained after negative bias temperature stress with the stress parameters, i.e., stress time,

stress voltage and stress temperature and relate the results to the distribution of trapped

charge carriers with energy. The threshold voltage shift isdefined as:

∆VT (tst) = VT (tst) − VT (0) (5.1)

whereVT (t) is the threshold voltage extracted from the transfer characteristics of the OFET

in the linear regime at the accumulated stress time t. It should be noted that this value

of ∆VT is similar to the voltage shift obtained by looking at a constant current in the

subthreshold regime of the transfer characteristics. We have observed that the threshold

voltage shift versus accumulated stress time curves can be fit by the following stretched ex-

ponential equation, based on the analysis developed for amorphous semiconductor-based
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Figure 5.2: (a) Field-effect mobility and (b) subthreshold swing versus accumulatedstress time for
a DC accumulation BTS experiment, extracted from the data presented in Figure 5.1.
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Figure 5.3: Typical linear regime transfer characteristics taken before and between DC depletion
bias stressing episodes.∆VT is defined in this plot as the voltage shift between the
extracted threshold voltage before stressing and after stressing to a certain time.

TFTs [10,15–17]:

|∆VT | = |B| ·
(

1− e−(
t
τ)
β
)

(5.2)

whereB, β andτ are fitting parameters that can depend on the stress voltage and stress

temperature. In other amorphous semiconductor-based TFTs, B is strongly dependent on

the stress voltage and has often been expressed by one of the following equations:

B = (VS T − VTi) (5.3a)

B ∝ (VS T − VTi)
α (5.3b)

whereα is a parameter associated with the density of states of the active layer semicon-

ductor. For low temperature values (i.e.,Tst . 350K), the fitting parameterβ increases

linearly with the stress temperature [10]:

β = Tst/T
∗
o − βo (5.4)

whereβo andT ∗o are material-dependent parameters.

Figure 5.5a shows our experimental data obtained for OFETs subjected to different
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Figure 5.4: (a) Threshold voltage shift, (b) field-effect mobility and (c) subthreshold swing versus
accumulated stress time for a DC depletion BTS experiment, extracted from the data
presented in Figure 5.3.
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BTS conditions and the corresponding fits to equation (5.2).We have obtained very ac-

ceptable fits using this equation for a significant range of stress voltages and stress tem-

peratures.

We have also investigated the effect of the stress voltage and stress temperature on the

Figure 5.5: (a) Threshold voltage shift versus accumulatedstress time for same OFET stressed
at different stress temperatures. (b) Derivative of stretched exponential curves as a
function of accumulated stress time, showing peak/inflection point times.

three fitting parameters and find similar dependencies as described by the equations above.

The parameterβ is roughly independent of the stress voltage and, similar tothe case for

BTS of other amorphous semiconductor-based TFTs (i.e., a-Si:H TFTs)β exhibits a slight

increase with increasing temperature as shown in Figure 5.6[10]. For stress temperature

values higher than approximately 350K, we have observed that β saturates. As shown in

Figure 5.6, the parameterτ decreases, exhibiting a power law dependence, with the stress

voltage. In addition,τ has been shown to be activated in temperature with an activation en-

ergyEτ that is associated with the barrier energy that the carriersneed to overcome before
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they become trapped [6, 13, 22]. TheB parameter does not appear to depend strongly on

stress/measurement temperature, but is strongly dependent on the applied stress bias. This

is reasonable sinceB describes the saturation value of the shift of the thresholdvoltage.

Fitting the data of Figure 5.5(a)a with the stretched exponential equation gives a

Figure 5.6:β andτ (taken from the stretched exponential fits) as a function of temperature.

smoother set of data for which we take the derivative to get the time to the inflection point

(tpeak). In other words, we calculate:

d (|∆VT |)
d (logt)

(5.5)

and plot this as a function of accumulated stress time as shown in Figure 5.5(b). We

observed that the peak timetpeak and theτ parameter from the stretched exponential fits,

shown in Figure 5.7, are both activated with temperature. This makes physical sense, since

we expect that the bias-stress will occur faster at elevatedtemperature. The activation

energy of the peak time is approximately 0.2eV, and was foundfrom:

tpeak = to · eEa/kTst = ν−1
o · eEa/kTst (5.6)

Additionally, a value ofto of approximately 0.4s corresponding to a value ofνo of 2.5Hz is
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Figure 5.7: Arrhenius plot of peak/inflection time constant andτ.

found. AnEa of approximately 0.2eV has also been observed for the field effect mobility

of F8T2-based OFETs. We expect that this energy correspondsto a charge trapping state

around 0.2eV above the valence band and this is described in more detail below.

In Figure 5.8, we plot the threshold voltage shift as a function of the normalized ac-

cumulated stress time (i.e.,t∗st = tst/tpeak). From this figure, we see that all of the curves

unify. This result is evidence that the stress mechanism is similar throughout this range

of temperatures and the observed differences caused by different stress temperatures arise

from the kinetics of the mechanism.

Alternatively, as shown in Figure5.9(a), we can plot the threshold voltage shift as a

function of the thermalization energy, which is defined as:

Est = kTstln (ν · tst) (5.7)

whereTst is the temperature at which the BTS was performed,ν is the attempt-to-escape

frequency andtst is the accumulated stress time. The value ofν was chosen to give the best

overlap of the curves, and can also be estimated from the equation above usingνo. Here,

we useν = 10Hz, a relatively slow frequency, possibly demonstrating thatthe physical
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Figure 5.8: Threshold voltage shift versus normalized stress time for BTS at different stress tem-
peratures.

mechanism responsible for the threshold voltage shift is slow (i.e., slow charge carrier

movement as they are trapped and de-trapped).

A plot of the derivative of the stretched exponential fit curves versus stress energy

as defined above (usingν = 10Hz) is shown in Figure 5.9(b). According to Jackson , et

al., [9, 16] the threshold voltage shift is related to the defect density (or, for the current

case, trapped charge carriers) through the relation:

N (t) − N (0) = ∆N =
Ci

ld
[VT (t) − VT (0)] (5.8)

whereCi is the insulator capacitance andld is the accumulation layer thickness. Or stated

another way [16,19]:

∆ND ∝
ǫoǫins

qdins
∆VT (5.9)

These results state that the threshold voltage shift is directly proportional to the change in

defect (trapped charge) density. Therefore to get the plot shown in Figure 5.9b, we used

the same value of the derivative as before, but plotted the data as a function of energy. This
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Figure 5.9: (a) Threshold voltage shift versus stress energy for BTS different temperatures. (b)
Density of traps filled (or states formed) per unit energy as afunction of the thermal-
ization energy.

gives us a measure of the distribution of trapped charge carriers with energy, i.e.,:

dN
dE
∝ d (|∆VT |)

d (logt)
(5.10)

Interestingly, we also see that the curves appear to reach a maximum value around 0.25eV,

which is near the activation energy of the time constants, and again, is expected to corre-

spond to a charge trapping state at this energy above the valence band.

As noted above, we also observe a complete removal of the biasstress effects at room

temperature and in the dark. However, recovery of the deviceis much faster at elevated

temperatures and with strongly absorbed illumination, as has been observed by others [5].

These results are indicative of charge trapping/de-trapping as the general stress/recovery

mechanism, though the exact physical nature of the charge trapping state is still under

investigation.
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AC BTS

The majority of bias stress studies on organic-based transistors found in the literature

are for DC bias stress [1–4,6,18,20,21]. In this section we present our study of the effect

of a pulsed (AC) bias stress signal applied to the gate and drain terminals and describe the

observed effects on the electrical instabilities of OFETs based on a polymeric semiconduc-

tor. We have investigated the effects of AC BTS in both the accumulation and depletion

regimes over a range of pulse frequencies and duty cycles. Ineach case, the observed effect

is a threshold voltage shift, while the field-effect mobility remains constant. In general,

and as discussed in the previous section on DC BTS, the bias stress-induced instabilities

in organic semiconductors has been explained by the trapping of charge carriers in trap

states within the organic semiconductor.

We have performed AC BTS for both the accumulation state (negative AC BTS) and

depletion state (positive AC BTS) of F8T2-based OFETs. For these stress measurements,

the gate and drain were pulsed at a certain predetermined frequency between 0Hz (DC)

and 100Hz and a certain duty cycle between 100% and 1%, while the source was held con-

stant as the common electrode. For the negative AC BTS, the gate electrode was pulsed

with VGS = VS T = -30V and for the positive AC BTS, the gate electrode was pulsed with

VGS = VS T = +30V. For each stress, the drain was pulsed withVDS = -10V at the same fre-

quency and duty cycle. A schematic of the gate-to-source anddrain-to-source bias stress

signals is presented in Figure 5.10. The stress was interrupted at certain times to allow

the measurement of and the observation of the progression ofthe linear regime transfer

characteristic, as shown in Figure 5.11. Conventional BTS experiments performed in this

manner allow the extraction and determination of the evolution of the threshold voltage,

field-effect mobility and subthreshold swing as the bias stress progresses.

In general, as presented in Figure 5.11, the major effect of the AC BTS is a con-
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Figure 5.10: Schematic diagram of gate and drain bias pulse signals used in this work. Note that
the dashed line corresponds to the drain-to-source bias pulse signal, the solid line
corresponds to the gate-to-source bias pulse signal andVDS = VGS = 0 between
pulses.

Figure 5.11: Representative evolution of the transfer characteristics measured during the interrup-
tions of a bias stress performed with an AC gate bias frequency of 10Hz and duty
cycles of (a) 50% and (b) 10% .
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Figure 5.12: Variation of field-effect mobility taken from the data presented in Figure 5.11(a), as
well as for AC BTS measurements performed at a duty cycle of 50% at other fre-
quencies.

tinuous threshold voltage shift as the stress progresses, similar to the case of DC BTS.

The field-effect mobility remains constant throughout the duration of the stress and is not

significantly affected by the negative (nor negative) AC BTS as shown in Figure5.12.

From Figure 5.11, we see that the subthreshold swing decreases (improves) as the stress

progresses. A reasonable explanation for this observationis that as the AC bias-stress

progresses, trap states near the Fermi level in the F8T2 become filled, allowing the device

to turn on “faster” with gate bias below threshold, althoughwe did not observe this same

feature for the case of DC BTS presented above.

In Figure 5.13, we present the variation of the threshold voltage shift with the effective

accumulated stress time. Here, we define the threshold voltage shift as:

∆VT (tst) = VT (tst) − VT (0) (5.11)

and the effective accumulated stress time is defined as:

te f f = tst · D.C. (5.12)
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whereD.C. is the duty cycle of the bias signals and is defined as:

D.C. = pulse width/pulse period (5.13)

and the pulse width and pulse period are defined as in Figure 5.10. We see from Figure

5.13(a) that, for the range of pulse frequencies used, during negative AC BTS the threshold

voltage shift is relatively independent of the pulse frequency and gives similar results to

that found for the negative DC BTS. For the positive AC BTS, weobserve that, for this

device, there is a small negative threshold voltage shift which maximizes relatively quickly

(compared to the negative BTS case). It also appears that during further stressing, the

threshold voltage shift begins to swing back towards a positive threshold voltage shift.

For the range of pulse frequencies used here, the threshold voltage shift does not seem to

exhibit any discernable dependence on the pulse frequency.

We present the evolution of the threshold voltage shift withaccumulated stress time

for the case of negative AC bias stress signals, performed atthe same frequency with

different duty cycles, in Figure 5.13(b). As plotted in this figure, it is difficult to detect any

trend in the results. However, when the threshold voltage shift is plotted versus the total

time (i.e., real time, not normalized with the duty cycle), as in Figure 5.14, we see that the

bias stress effects exhibit a dependence on the total amount of stress time.

We have fit the data of Figure 5.14 to the stretched exponential equation (5.2), based on

the analysis developed for amorphous semiconductor-basedTFTs and described in detail

above. For the data of Figure 5.14, we find values of|B|, β, andτ to be approximately

15.3V, 0.46 and 874sec, respectively.

The observed dependence of the threshold voltage shift on the total stress time is an

interesting result which goes against the expected result that the threshold voltage shift

should only depend on the actual time the gate bias is being applied (i.e., te f f ). These

results can be compared to the results found for poly(thiophene) transistors by Salleo , et
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Figure 5.13: (a) Threshold voltage shift for negative AC (filled symbols) and positive AC (open
symbols) BTS, performed using a range of pulse frequencies,plotted versus effective
accumulated stress time (i.e., taking into account that forpulsed signals at 50% duty
cycle, the effective bias time is half of the total stress time). (b) Threshold voltage shift
versus effective accumulated stress time for BTS performed using a range of gate bias
stress pulse signal duty cycles.

al., in which there exists a residual (or, in the words of the author, “irreversible”) stress

effect after the stress bias is removed and the device is allowedto recover unperturbed for

several hours [22]. For the present case, however, this residual stress is observed during the

bias stress, because the device is apparently unable to recover during the “OFF” portion of

the bias stress signal. Even more, the device appears to continue to be stressed during the

”OFF”-time. A possible explanation for this effect is that the carriers remain in the channel

of the device, even after the gate-to-source bias has been removed (i.e., the ”OFF” portion

of the gate bias pulse signal). This can be caused by the removal of the drain-to-source

bias, as well as to the relatively low field-effect mobility of the holes in F8T2. We observe

this effect for duty cycles down to 1% for OFETs based on F8T2. We expect that these
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Figure 5.14: Threshold voltage shift versus total stress time for BTS performed using a gate bias
stress pulse signal with a range of duty cycles. The solid, interpolating line represents
a stretched exponential fit to the average of the experimental data.

results are further evidence of deep charge trapping withinthe organic semiconductor as

the physical mechanism responsible for the electrical instabilities of these devices.

5.2 Maximum operating temperature

Another important environmental variable to which OFETs will be subjected is tem-

perature. It is well documented and commonly assumed that since the field-effect mo-

bility of most organic semiconductors used in OFETs is thermally activated, increased

temperature operation is beneficial, or at least not detrimental to the performance of the

OFETs [23–27]. However, besides the observation of accelerated bias-stressing at elevated

temperature as shown above, there appears to be another means by which the electrical per-

formance of the OFETs is degraded at elevated temperature. As shown in Figure 5.15(a)

and 5.15(b), we observe that the field-effect mobility is effectively reduced for devices

operated above approximately 60 to 65◦C(333 to 338K). Although not specifically men-

tioned, similar results can be found in the references mentioned above, i.e., there appears
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to be a decrease in the field-effect mobility for elevated temperatures near 65◦C. To elim-

inate the possibility of the gate bias effecting the morphology of the material at higher

temperatures (i.e gate-polling effects), we show in Figure 5.15(c) the characteristics of a

device measured with the gate floating. In this figure, we still observe a reduction in the

drain current at elevated temperature.

These results are for devices with active layer material that has been subjected to a

maximum annealing temperature of 90◦C(in vacuum) during device processing and post-

measurement annealing sessions, allowing reliable devicemeasurement up to approxi-

mately 90◦C. We have observed similar results for devices that have been annealed and

electrically tested to gradually higher temperatures (90◦C- 110◦C- 130◦C).

We note several effects due to annealing and testing the device at gradually higher tem-

perature. First, we see that the baseline field-effect mobility (i.e., that taken from device

measured well below the annealing temperature) is reduced as the annealing tempera-

ture is increased. Another major effect is that even though the device has been annealed

to higher temperature, the field-effect mobility is still a maximum for devices measured

below 70◦C. We expect that this reduction in mobility is caused by changes in the mor-

phology of the organic semiconductor. However, attempts todiscern these small changes

(i.e., through temperature dependent X-ray diffraction (XRD) and differential scanning

calorimetry (DSC) over the range of temperature used for theelectrical characterization)

did not produce any definite results. Since extremely small changes in morphology can

result in substantial changes in electrical performance, it seems reasonable that experi-

mentally undetectable changes in the morphology of the filmsused here may still be re-

sponsible for the reduction in device performance we have observed. Nevertheless, the

subject of maximum operating temperature is an important characteristic of device perfor-

mance and these results demonstrate that OFETs based on polymeric materials could have
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an upper operating temperature limit much lower than anticipated strictly from a material

degradation point-of-view.

5.3 Conclusion

We have studied the electrically induced instabilities of organic field-effect transistors

based on solution-deposited F8T2. The main consequence of negative bias temperature

stress is a shift of the threshold voltage to more negative values, while the field-effect mo-

bility and subthreshold swing are relatively unaffected. These observations are explained

in terms of charge carrier trapping in the disordered organic semiconductor active layer.

We have used an analysis technique based on the dispersion ofcarriers among a range of

trap states, in order to extract an estimation of the trap state distribution. We find that this

distribution is centered at approximately 0.25eV above thevalence band of the organic

semiconductor and propose that this corresponds to a distribution of trap states centered at

this energy.

As a complementary experiment, we have studied the electrically induced instabilities

of organic field-effect transistors based on solution-deposited F8T2 by performing AC bias

temperature stress experiments for a range of bias stress signal frequencies and duty cy-

cles and investigating the evolution of the resulting threshold voltage shift. We find that

the threshold voltage shift does not exhibit the expected dependence on the effective ac-

cumulated stress time, rather it depends on the total duration of the stress measurement.

This result is explained in terms of deep trapping of charge carriers in combination with

relatively low charge carrier mobility within the organic semiconductor, keeping the de-

vice from recovering during the “OFF” portion of the bias stress signal.

Additionally, we have noted that the electrical performance of the F8T2-based OFETs,
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(a)

(b)

(c)

Figure 5.15: (a) Linear regime transfer characteristics for device measured at several different tem-
peratures. (b) Threshold voltage and field-effect mobility extracted from data in Fig-
ure 5.15(a). (c) Drain current versus drain-to-source bias(for floating gate electrode)
measured at different temperatures.
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as well as OFETs based on other organic semiconductors, appears to increase, peak and

then decrease as the temperature of the device is increased.Though we believe that this

is due to small changes in the morphology of the organic film, experiments to detect such

changes were not fruitful. This effect could have profound influence on the development

of commercial applications based on this type of devices, since, it is expect that in most ap-

plications, the devices will be subjected to temperatures in excess of the peak performance

temperature.
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CHAPTER 6

PHOTODISCHARGE INVESTIGATION OF THE DENSITY OF
STATES IN PF-BASED OFETS

The photodischage method was first used by Hepburn , et al., when they used it to

investigate the kinetics of metastable defect states in a-Si:H TFTs [1, 2]. In this experi-

ment, a transistor is biased for a certain time such that charge carriers are trapped within

the device (i.e., electrons are trapped and defect states are created in a-Si:H). After a cer-

tain preselected delay time, the device is subjected to an illumination pulse, of which the

photon energy and flux is proper to generate a sufficient density of free charge carriers.

One species of photogenerated charge carriers (i.e., holesin a-Si:H) diffuses towards the

gate insulator and annihilates the trapped electrons, while the other species (i.e., electrons

in a-Si:H) travels in the opposite direction out the source and drain electrodes and can be

measured as a transient current pulse. By varying the gate bias application time, delay time

and device temperature, the kinetics of the trap states can be investigated and the density

of these trap states can be estimated.

Other methods, such as deep level transient spectroscopy (DLTS) and thermally stimu-

lated currents (TSC) have been used to characterize the trapstates in organic semiconduc-

tors. In general, these two methods have been performed on either diode structures (i.e.,

organic light-emitting diodes, OLEDs) or metal-insualtor-semiconductor (MIS) structures.
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For example, several groups have investigated the trap states of the light-emitting polymer

poly-(p-phenylene-vinylene) (PPV), and its derivatives,and found that hole trap concen-

trations of 1014 to 1015 cm−3 at energies of 0.1 to 0.5eV above the valence band (or HOMO

level) exist in this material [3–6]. TSC and DLTS studies of the defect states in pentacene

diodes and MIS structures revealed a range of both electron and hole trap states with sim-

ilar concentrations (∽ 1015) in the range of 0.2 to 1.0eV above the valence band [7, 8].

These methods have also shown use in determining trap and defect states caused by vari-

ations in processing conditions and molecular synthesis [9, 10], as well as detecting the

creation and disappearance of a trap state as the doping level of a small organic material

was increased [11].

For the first time, we have studied the defect kinetics of trapstates in F8T2-based

OFETs using the photodischarge technique. By varying the measurement conditions, in-

cluding bias time, bias level and device temperature, we canestimate the density and

energetic distribution of the trapped charge carriers. We find that the trapped charge car-

riers are centered at a narrow level, approximately 0.3eV above the valence band. This

method provides promising and reliable results.

6.1 Experimental methods

The photodischarge measurements were performed at varioustemperatures using a

Karl Suss PM8 probe station, and an HP4156 semiconductor parameter analyzer. A Sig-

natone QuiteTemp temperature controller and hot-chuck were used to control the tempera-

ture of the devices between 283K and 353K. All measurements were performed in ambient

atmosphere.

A schematic diagram of the photodischarge measurement set-up and a schematic of the

measurement timeline used to perform each of the photodischarge experiments described
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in this work are shown in Figures 6.1(a) and 6.1(b), respectively. For the photodischarge

measurements of TFT structures, the source and drain electrodes are tied together and the

gate is biased with respect to the source/drain connection. The source and drain connection

is connected to the input of an Ithaco 1211 preamplifier (powered by internal batteries for

reduced noise operation) in order to provide a voltage signal that could be measured with

an oscilloscope. We have used an HP4156 semiconductor parameter analyzer to provide

the gate bias signal for a certain time,tg. After a certain delay time,td, an HP8110A func-

tion generator is used to trigger an electronic shutter (UniBlitz SD-1000), which opens

to provide an illumination pulse with a width of approximately 200msec from a 200W

Oriel HgXe arc lamp. This light pulse travels through a fiber optic cable into the micro-

scope of the Karl Suss PM8 probe station and is focused to a spot size centered on and

approximately the same size as the device under test. At the same time, the signal from

the HP8110A triggers an HP54615B oscilloscope to measure the output voltage transient

from the Ithaco 1211 current preamplifier.

6.2 Experimental results and analysis

6.2.1 Dependence on applied gate voltage

As noted above, the illumination pulse photogenerates charge carriers that perform

the duty of a probe signal and cause a transient current pulsethat is input into a current

amplifier in order to generate a corresponding voltage signal. Representative transient

voltage signals taken from the oscilloscope are presented in Figure 6.2 for a gate bias of

-50V and a range of gate bias application times. This voltagesignal is measured with an

oscilloscope and is converted back to a current signal, which is then integrated to yield

the total residual charge, Q, for each gate-bias application and delay time combination
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(a)

(b)

Figure 6.1: (a) Experimental set-up used to perform the photodischarge measurements. The dashed
line around the schematic device structure corresponds to the electromagnetic shield
around the probe-station used in the experiment. (b) Timescale of the photodischarge
experiments showing the gate bias pulse fortg, delay timetd, illumination pulse, result-
ing current transientI(t)and residual chargeQ.
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according to:

I (t) =
dQ
dt
⇒ Q =

∫ t1

0
I (t) dt (6.1)

where, for the case here,Q is found from:

Q =
∫ 0.4

0
Vscope (t) [V] · 10−9
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· 1
1.602× 10−19

[ q
C

]

dt (6.2)

where 10−9 is the amplification factor from the settings of the Ithaco 1211 current amplifier

(i.e., 10−10 ∗ 10= 10−9).

The dependence of the residual charge on the applied gate bias, for a device at 303K,

Figure 6.2: Representative set of voltage pulses as observed on the oscilloscope corresponding
to the photo-discharging of the remaining filled trap statesafter the given gate bias
application times and a delay time of approximately one second. Similar results were
observed for other measurement temperatures.

is presented in Figure 6.3. We note that the residual charge exhibits the expected depen-

dence on applied gate bias, i.e., it increases as the magnitude of gate bias increases as

shown in Figure 6.3(a). For gate biases above the threshold voltage, approximately -15V,

the residual charge increases with gate bias application time, while below threshold there

is little increase in residual charge. For the dependence ofresidual charge on delay time,

td, shown in Figure 6.3(b), we note a similar dependence for thecharacteristics measured
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with initial applied gate bias above threshold, which show arelatively slow charge carrier

detrapping with time at this temperature. However, we note that, for the case of the mea-

surement with below threshold applied gate bias, the residual charge is reduced at a much

faster rate. These results are evidence that the percentageof available trap states filled after

a certain gate-bias application time is dependent on the applied gate bias, as expected. For

the case of near- and below-threshold gate bias, we expect that the carriers occupy a small

percentage of the available trap states in the material nearthe source and drain electrodes,

which can be relatively easily depopulated at slightly above room temperature. While, for

the case of applied gate bias significantly above the threshold voltage, the charge carriers

occupy a much larger percentage of the available trap states.

The general expression for the residual trapped charge after time t for a distribution

of trap states is given byN(E) [1]:

Q (t) = Qo

∫

N (E)
Nt

exp

[

−t
τ (E, T )

]

dE (6.3)

whereQo is the “charge prefactor” and corresponds to the amount of trapped charge imme-

diately after the gate bias is removed,N (E) is a function describing the energetic distribu-

tion of trap states andNt is proportional to the total number of trap states and is calculated

using:

Nt =

∫

N (E) dE (6.4)

A characteristic time (i.e., average escape time) can be expressed using:

τ (E, T ) = ν−1exp (E/kT ) (6.5)

whereν is the attempt-to-escape frequency and is explained in moredetail below.

Finally, the expression we have used for the normal (Gaussian) distribution of trap

states with energy is:

N (E) =
e−(E−Eo)/2∆E2

∆E
√

2π
(6.6)
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(a)

(b)

Figure 6.3: (a) Extracted residual charge as a function of gate bias application time for a range
of gate bias levels at room temperature. The points correspond to the experimentally
determined data and the lines are provides as guides to the eye. (b) Extracted residual
charge as a function of delay time after a gate bias application at different voltages for
300 sec. The points correspond to the experimentally determined data and the lines
correspond to the best least squares fit of the equations given in the text.
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where, for the case described here,Eo is the center energy of the supposed normal distri-

bution of trap states in the material and∆E is the width (i.e., full-width at half-maximum)

of the distribution. These parameters are described in moredetail below.

The experimental data shown in Figure 6.3(b) has been fit using this set of equations

along with the assumption of a normal (Gaussian) distribution of trap states. An itera-

tive process that involved choosing initial fitting parameters to input into the Matlab code

(see the Appendix) was used to generate the linear least squares fits (solid lines) shown

in Figure 6.3(b). More specifically, this process consists of the following steps (both user

controlled and automated program steps are included):

1. Initialize variables (i.e., Temperature, etc.).

2. Load experimental data and setQo equal toQt=0.

3. Choose valid initial guesses forEo, ∆E andν.

4. Create distribution of trap states based on these parameters and equation (6.6).

5. Generate fit based on equations (6.3), (6.4), and (6.5).

6. Calculate the residuals (i.e., difference between fit and experimental data) and the

square of the residuals to get a measure of the validity of thefit.

7. Determine values ofEo, ∆E andν that give the least square of the residuals for this

iteration.

8. Return to 3 and use newly determined values ofEo, ∆E andν as the initial values

for this iteration.

9. Continue with this process until the desired level of fit accuracy is achieved.

Fits have been performed in this manner and are shown in Figure 6.3(b). The resulting

dependencies of the fit parameters on the applied gate bias isshown in Figure6.4. The

center energy of the trap distributionEo has very little dependence on applied gate bias

and has an average value slightly above 0.3eV. The energeticwidth of the trap distribution
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∆E appears to exhibit a slight increase with increasing gate bias magnitude and has a value

near 75meV. The apparent spreading of the trap state energetic distribution with an increase

of gate bias may be due to the fact that a growing portion of thedensity of states becomes

occupied as the magnitude of the gate bias is increased. As noted above, the residual

charge increases with increasing magnitude of gate bias as expected and as shown in Figure

6.4(b). The attempt-to-escape frequencyν does not exhibit any discernible dependence on

the gate bias, though its value near 50Hz is relatively low compared to the values obtained

for inorganic semiconductors [1]. We should note that a low value ofν, near 10Hz, was

found for the analysis of the BTS experiments described in anearlier chapter.

We see from Figure 6.3(b), that applied gate biases significantly above the threshold

voltage (i.e.,& 20V) result in similar dependences on the delay time. To further investigate

and gain some insight into the kinetics of the trap states, weperform the photodischarge

measurements using a gate bias of -50V and vary the temperature of the device. We expect

that increased temperature will speed-up the discharge of the traps, resulting in a smaller

amount of residual charge at the same delay time but for higher temperatures. As we see

in the next section, this is indeed the observation we make.

6.2.2 Dependence on temperature

General results that exhibit the dependence of the residualcharge on gate bias appli-

cation time and temperature are presented in Figure 6.5. From this figure, we observe the

expected result that the amount of residual charge increases as the gate bias application

time increases.

In Figure 6.6(a), we present experimental results for the photodischarge experiment

performed for a range of delay times and device temperature.As expected, we see that

the amount of residual charge decreases as the allowed relaxation time (i.e., delay time)
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(a)

(b)

Figure 6.4: The dependence of the fit parameters ((a)Eo and∆E and (b)ν andQo on gate bias.
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Figure 6.5: Residual charge versus gate bias application time for delay time of approximately 3
sec. Points are experimental data and lines are fits that serve as guides to the eye.

increases. Additionally, we note that this relaxation is faster with elevated temperature.

In Figure 6.6(b), we present the extracted residual charge as a function of the normal-

ized delay time. This normalized delay time was found by dividing the delay time by the

corresponding temperature dependent characteristic timegiven by equation 6.5. From this

figure, we observe that the residual charge curves follow a similar trend and the observed

differences in Figure 6.6(a) are simply due to the kinetics of thecharge de-trapping at dif-

ferent temperatures.

Fits to the experimental data of Figure6.6(a) were performed using the same method

as that which was described above. In Figure 6.7, we present the variation of the fit param-

eters with temperature. We can glean interesting observations from these figures. Most no-

tably is the extremely small temperature dependence of the center energy of the trap state

distribution, which has an average value of approximately 0.3eV. The energetic spread of

the trap state distribution exhibits a slightly larger dependence on temperature, decreases

with temperature, and has an average value of approximately23meV, corresponding to a
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(a)

(b)

Figure 6.6: (a) Extracted residual charge as a function of delay time after a gate bias application of
-50V for 300 sec for the same device measured at different temperatures. The points
correspond to the experimentally determined data and the lines correspond to the best
least squares fit of the equations given in the text. (b) Extracted residual charge plotted
versus the normalized delay time.
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temperature of approximately 350K. We also observe that theattempt-to-escape frequency,

ν, is again relatively low and exhibits a linear dependence onand increases with temper-

ature. The increase with temperature could be expected, since this parameter is roughly

equal to the inverse of the average time taken by a charge carrier to be de-trapped. The

“charge prefactor” of the fit corresponds toQo in equation 6.3. This parameter decreases

slightly with temperature and this may be due to experimental limitations since at least

several seconds pass between the end of the gate bias application and the beginning of the

illumination pulse. We expect that a more sensitive experimental set-up could correct this

problem.

The results from the parameter extraction and curve fitting described above allow us to

estimate the shape of the density the trap states as shown in Figure 6.8. In other words, this

is the normal distribution that provides the best fits of the temperature- and gate voltage-

dependent date presented above. In this figure, we have shownthe HOMO-LUMO gap of

F8T2 and note that the trap states are centered at approximately 0.3eV above the LUMO

(i.e., valence band) with a full-width at half-maximum of approximately 23meV. The slope

of the band edges is schematic and simply indicates that there are expected band-tail states

due to the amorphous nature of the semiconductor. The trap level of 0.3eV fits well with

the activation energies of the field-effect mobility and with the results from the analysis of

the BTS results described in an earlier chapter, providing aconsistent set of data on the

trap state distribution.

Finally, we should note that no meta-stability of the trap states has been observed for

devices based on F8T2. In other words, the residual charge found for a measurement

taken immediately after a previous measurement is the same as that found for the first

measurement. If the trap states were meta-stable, we would expect to observe a greater

amount of residual charge for the second measurement since the states formed in the first
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(a)

(b)

Figure 6.7: The dependence of the fit parameters ((a)Eo and∆E and (b)ν andQo on temperature,
points are actual data, lines are guides.
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Figure 6.8: Density of states extracted from the photodischarge measurement described in this pa-
per assuming a normal (Gaussian) distribution of trap states above the valence band.

measurement were not intentionally annealed-out.

6.3 Conclusion

In this chapter we have described the results of the photodischarge measurement per-

formed on an F8T2-based OFET. This method has been describedin detail and has been

used to characterize the density of trap states and the trap state kinetics of the active organic

semiconductor. By investigating the dependence of the residual charge on gate bias appli-

cation time, delay time, temperature and applied gate bias,we have observed a relatively

narrow trap state distribution at approximately 0.3eV above the valence band (HOMO

level). This method shows promise for use as a characterization tool for comparing the

trap state distribution and device performance of devices based on a variety of organic

semiconductors and gate insulators.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Summary

Over the past several years, there have been significant improvements made in the

performance of organic thin-film transistors, based on small molecules, oligomers and

polymers. These improvements are due to the development of high performance organic

semiconductor material, suitable device structures, as well as through the improvement

in our understanding of how organic-based electronics work. By this last statement, we

mean, improved theories of the charge carrier dynamics, improved understanding of the

effects of material morphology, improved understanding of theeffects of the various inter-

faces in the devices, and so on.

While there have been great strides made on these subjects inthe recent past, it is ob-

vious that there is still a lot of work to be done before a complete understanding of the

important physical mechanisms and operating principles ofthese devices can be devel-

oped. The goal of this work is to provide to the organic electronics community, especially

those concerned with organic tfield-effect transistors, thorough and well-developed mod-

els, experimental results and analysis. It is hoped that theresults presented in this thesis

will further the current understanding of the fundamental physical mechanisms occuring

in and the operation principles of organic field-effect transistors.
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In this thesis, various issues associated with polyfluorenederivative-based organic

field-effect transistors (OFETs) have been discussed. More specifically, we have presented

our investigation of the following:

• The DC electrical characteristics, performance, models and parameter extraction.

• The effects of illumination (both broadband and monochromatic) onthe electrical

characteristics, as well as the use of these devices as photodetectors.

• The hysteresis in the electrical characteristics of these devices.

• The instability mechanisms, studied by means of BTS.

• The kinetics and energetic distribution of the density of trap states of the organic

polymer active layer.

In Chapter 2, we described the device structure and examinedthe DC electrical perfor-

mance and characterization of the device. The main device structure studied is a patterned-

gate, gate-planarized, inverted, coplanar thin-film transistor with the organic polymer

F8T2 as the active layer semiconductor. The validity of electrical performance param-

eter extraction methods were studied and it was concluded that the inclusion of a field-

dependent mobility provide the most reliable results. We used a model based on disper-

sive charge carrier transport in amorphous semiconductorsand examined the temperature

dependence of the electrical characteristics to find an activation energy of approximately

0.3eV for the field-effect mobility of holes in F8T2. We characterized the source and drain

contact resistance and intrinsic device performance usingstandard electrical characteri-

zation methods, as well as the transmission line method. From this analysis, we found

that the contact and channel resistances are very similar with values near 109Ω. We also

observed that the contacts present Schottky-type behaviorat low VDS , which changes to a

space charge limited current-type of behavior at higherVDS . Additionally, we found that

the main device structure studied here shows promise as a good candidate for high-voltage
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(i.e., high-field) applications.

In addition to the DC performance characterization, the effects of broadband and monochro-

matic illumination on the electrical characteristics and performance of the F8T2-based

OFETs was characterized and explained in Chapter 3. We foundthat, due to the photocon-

ductive nature of the active layer, the major effect of the illumination was the photogener-

ation of excitons, which subsequently dissociate into charge carriers, and a corresponding

reduction of the threshold voltage and increase in the OFF-state drain current, resulting in a

diminished control of the gate over the channel. The illumination does not affect the field-

effect mobility. The observed effects are explained by exciton and the photo-field effect

theory for amorphous semiconductors. The photo-field effect theory provides information

about the density of states, including an estimation of the density and slope of the gap

states near the position of the Fermi levels under illumination. We also used this method

to find an estimate of the flat-band voltage of approximately -10V. The performance of this

device as a photodetector was characterized and we found a responsivity of approximately

1A/W in the ON-state, a photosensitivity of greater than 100 in the OFF-state, an external

quantum efficiency greater than 100%, and a noise equivalent power of 10−14 WHz−0.5.

Based on these results, we found that OFETs can be very sensitive to the illumination

depending on the absorption spectrum of the active layer. This effect can be beneficial if

the device is to be used as a photodetector, however, in many of the proposed applications

of OFETs, the exposure to illumination should be minimized in order to maintain control

over the performance of the device.

The subject of Chapter 4 was the hysteresis in the electricalcharacteristics of the F8T2-

based OFETs. Hystersis shifts of greater than 5V can be observed. This undesired effect

is indicative of poor device stability and prohibits the useof these devices in commercial

applications. Through gate-bias-, temperature- and illumination-dependent studies, we
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found that the amount of hysteresis is strongly dependent onthe density of charge carriers

in the channel and is a relatively easily reversed charge trapping effect. Additionally, we

found that with the addition of an organic insulator betweenthe inorganic insulator and

the organic semiconductor, the hysteresis could be eliminated. These results lead us to

the conclusion that the hysteresis is related to the charge carrier trapping in the organic

polymer, at or near the organic semiconductor/ gate insulator interface, which is triggered

by the accumulation of a large density of carriers in the polymer channel of the device.

Further studies of the instabilities were presented in Chapter 5, where we performed

and analyzed the effects of negative/positive, DC/AC bias temperature stress on the F8T2-

based OFETs and observed that the major effect is a threshold voltage shift. The DC bias

and temperature dependence of the instabilities followed astretched-exponential depen-

dence for bias stress effects in amorphous semiconductors and allowed the determination

of the distribution of trap states centered near 0.25eV above the valence band (HOMO-

level). Negative AC BTS showed a dependence on the total stress time, demonstrating the

combination of several physical phenomena, including slowcarrier transport and the exis-

tence of few reversible and many irreversible trap states. Additionally in this chapter, we

have noted that the electrical performance of the F8T2-based OFETs, as well as OFETs

based on other organic semiconductors, appears to increase, peak and then decrease as the

temperature of the device is increased. This effect could have profound influence on the

development of commercial applications based on this type of devices, since, it is expect

that in most applications, the devices will be subjected to temperatures in excess of the

peak performance temperature.

Finally, in Chapter 6, we presented the first known use of the photodischarge method to

investigate the energetic distribution and kinetics of thetrap states in the organic semicon-

ductor. Through a study of the dependence of the residual charge on gate bias application
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time, delay time, temperature and applied gate bias, we haveobserved a relatively narrow

trap state distribution at approximately 0.3eV above the valence band (HOMO level).

It is interesting to note that the major results obtained from this set of experiments and

analyses provide a relatively consistent picture of the density of states of the organic semi-

conductor active layer material, which governs the operation of the F8T2-based devices.

However, as is always the case, there appears to still be muchmore we can learn about

this unique class of materials, in addition to the development of applications that will al-

low these devices based on these materials to be commercialized. Several ideas for future

directions are summarized in the next, and final, section.

7.2 Future directions

There is still much work to be done before a complete understanding of the funda-

mental physics and operating mechanisms of organic-based electronics can be reached.

It seems reasonable that the following fabrication and characterization experiments could

continue to push the field in the right direction:

• Development and synthesis of conjugated organic moleculeswith enhanced envi-

ronmental stability.

• Reduction of device size to enter the realm of having one or a few trapped electrons.

• Characterization of material with and without trapped charge (i.e. through the use

of in situ electron spin resonance) in order to more closely determine the properties

of the trapped charge (i.e. polaron vs. bipolaron).

• Further characterization of the density of trap states through the use of methods such

as deep level transient spectroscopy (DLTS) and thermally stimulated current (TSC),

especially when used to compare the trap state properties and charge transport prop-

erties of a range of organic semiconductors with different molecular structures, as
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well as for devices with different structures.

It is obvious that the current status of the performance of organic-based electronics pro-

hibits the direct competition of these devices and applications with the inorganic-based

electronic systems. However, in the not-so-distant future, it seems reasonable that this

class of materials and devices will find their way into many useful and interesting applica-

tions. We can imagine applications such as:

• Fully-organic and fully-integrated organic photodetectors and circuitry.

• Organic-based photovoltaics on curved and flexible substrates for use in non-flat

geometries.

• Integration of organic devices into biological applications such as drug delivery sys-

tems, sensory integration systems, and rf-monitoring systems.

• Organic semiconductor-based lasers.



APPENDIX

168



169

\% Qfit303gratest50.m

\% Mike Hamilton

\% 09/16/2005

\% Matlab script to determine the least squares fit of the residual

\% charge (from the photodischarge measurement) versus delay

\% time.

\% This program is specifically for T = 303K, however, other

\% programs exist for other temperatures, or this program can

\% easily be modified to be use with the desired user inputs of

\% temperature, time and residual charge values.

\% This program calls a function called ‘‘normdist.m’’ that is defined

\% here for reference function y = normdist(x,m,s)

\% y = (exp((-(x-m).ˆ2)./(2*s.ˆ2)))/(s*sqrt(2*pi));

\% Initialize and load t and Q data

clear all;

t=[3;30;300;3000];

Q303data=[0.00997375;0.00816;0.00791187;0.00724688];

\% Ask user for intitial guess of fitting parameters, after running once,

\% the user should input the output values as the new guesses

\% (i.e. it’s an iterative process) and continue performing this process

\% until the square of the residuals isn’t changing much.

Eo1=input(’Initial guess of E_{o} (eV) = ( > 0 and < 2) ’);

dE1=input(’Initial guess of \Delta E (eV) = ( > 0 and < 0.5) ’);

nu1=input(’Initial guess of \Nu (Hz) = ( > 1 and < 10ˆ12) ’);

Qo=Q303data(1);

\%Qo=input(’Initial guess of Q_{o} (cmˆ{-2}) = ( ˜ 2e-3) ’);

k=8.617e-5;

T=303;

Eo=linspace(0,2*Eo1,501);

dE=linspace(0.0001,2*dE1+0.0001,501);

nu=logspace(log10(nu1)-5,log10(nu1)+5,501);

\% First vary Eo, this section also plots the square of the residuals versus

\% Eo for graphical confirmation

for j=1:501

Nt(j)=quad(@normdist,0,2,[],[],Eo(j),dE1);

for i=1:4

Qn(i)=quad(@qfun,0,2,[],[],Eo(j),dE1,t(i),nu1,k,T);

Q(i)=(Qo/Nt(j))*Qn(i);

end

Qt=Q.’;

REobase=Qt-Q303data;

REobasesum=sum(REobase);
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REo=(Q303data-Qt).ˆ2;

REo2(j)=sum(REo);

end

subplot(3,1,1);

semilogy(Eo,REo2,’k*’);

\% Find value of Eo for minimum Rˆ2

[y1,i1]=min(REo2);

MinEo=Eo(i1);

y1;

\% Use Eo value from above and vary dE, this section also plots the square

\% of the residuals versus dE for graphical confirmation

for j=1:501

Nt(j)=quad(@normdist,0,2,[],[],MinEo,dE(j));

for i=1:4

Qn(i)=quad(@qfun,0,2,[],[],MinEo,dE(j),t(i),nu1,k,T);

Q(i)=(Qo/Nt(j))*Qn(i);

end

Qt=Q.’;

RdEbase=Qt-Q303data;

RdEbasesum=sum(RdEbase);

RdE=(Q303data-Qt).ˆ2;

RdE2(j)=sum(RdE);

end

subplot(3,1,2);

semilogy(dE,RdE2,’k*’);

\% Find value of dE for minimum Rˆ2

[y2,i2]=min(RdE2);

MindE=dE(i2);

y2;

\% Use Eo and dE values from above and vary nu, this section also plots

\% the square of the residuals versus nu for graphical confirmation

for j=1:501

Nt(j)=quad(@normdist,0,2,[],[],MinEo,MindE);

for i=1:4

Qn(i)=quad(@qfun,0,2,[],[],MinEo,MindE,t(i),nu(j),k,T);

Q(i)=(Qo/Nt(j))*Qn(i);

end

Qt=Q.’;

Rnubase=Qt-Q303data;

Rnubasesum=sum(Rnubase);

Rnu=(Q303data-Qt).ˆ2;

Rnu2(j)=sum(Rnu);

end
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subplot(3,1,3);

loglog(nu,Rnu2,’k*’);

\% Find and output values of Eo, dE and nu for minimum Rˆ2’s

MinEo

y1

MindE

y2

[y3,i3]=min(Rnu2);

Minnu=nu(i3)

y3

\% Beep to tell the user that it’s done with this iteration

beep;
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POLYFLUORENE-BASED ORGANIC FIELD-EFFECT TRANSISTORS

by
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The electrical performance and device stability of a patterned-gate, gate-planarized,

inverted, coplanar thin-film transistor with an organic polymer F8T2 active layer semicon-

ductor was studied. The validity of electrical performanceparameter extraction methods

was studied and the inclusion of a field-dependent mobility provided the most reliable

results. A gate-bias dependent activation energy near 0.2eV for the field-effect mobility

of holes in F8T2 was found. The source and drain contact and channel resistances were

characterized and are similar with values near 109Ω. Additionally, these devices showed

promise for use in high-voltage applications. The effects of broadband and monochromatic

illumination were characterized and strongly absorbed illumination reduced the threshold

voltage. Application of a photo-field effect theory provided an estimation of the density

and slope of the gap states. This method also provided an estimate of the flat-band volt-

age of -10V. The performance of the device as a photodetectorshowed a responsivity of

1A/W, a photosensitivity greater than 100, an external quantumefficiency greater than

100%, a noise equivalent power of 10−14 WHz−0.5 and a specific detectivity of approxi-

mately 2×1011 cmHz0.5W−1. Hysteresis in the transfer characteristics was characterized
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by the dependence on the applied gate-bias, temperature andillumination. It was observed

that the hysteresis is a charge trapping effect that is dependent on the charge density within

the channel. The hysteresis was eliminated by incorporating an organic insulator layer

between the inorganic insulator and the organic semiconductor. Bias temperature stress

effects were characterized and the major effect was an increase in threshold voltage. Anal-

ysis using a stretched exponential behavior for DC bias stress effects showed that there

exists a distribution of trap states centered at 0.25eV above the valence band. Negative AC

BTS resulted in a dependence on the total stress time and demonstrated the combination

of several physical phenomena, including slow carrier transport and the existence of few

reversible and many irreversible trap states. A relativelylow (65◦C) optimal operating

temperature of organic-based devices was observed. The trap states were further charac-

terized using the photodischarge method to investigate thekinetics and distribution of trap

states. A narrow distribution of trap states at 0.3eV above the valence band was found,

which is consistent with field-effect mobility and bias temperature stress results.


