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CHAPTER 1

INTRODUCTION

Semiconducting properties of organic materials were fe@gorted in the early 1950'’s
and studies continued through the 1960’s mainly focusiniipeiphotogeneration of charge
carriers, charge carrier mobility and electroluminesessforganic crystals such as naptha-
lene, anthracene and tetracene [1-5]. By the mid-1960’sraadhe 1970’s the focus on
organic polymers was growing, due to expected synthesipaussing advantages, and
the conductivity and charge carrier mobility in doped podyrsystems was investigated
for photoconductor applications such as xerography [6THe combined results of this
work demonstrated that this interesting class of matevials promising for use in elec-
tronic and optoelectronic applications.

Electronic and optoelectronic devices based on conjugatganic semiconductors,
in the forms of small molecules as well as polymers, have lbleersubject of increased
research over the past few years. The interest in devicdsasiorganic light-emitting
devices (OLEDs) [8-13], organic field¥ect transistors (OFETs) [14—-20] and organic
photodetectors arises from the promise of the availabdfty wider range of organic
materials and the ability to tune the electronic and optisdaic properties of the active

organic materials, in addition to proposed processing @dges such as [21-24]:

o fabrication at low temperature and over large area;



e deposition from solution and by direct printing;

e use of molecular self-assembly methods.

It is expected that these advantages will allow organictedaec and optoelectronic de-
vices to be used in applications and configurations that dfewt to acheive with in-
organic materials, for example in applications requiriaggé area displays and sensor

arrays, fabrication on flexible substrates or curved segac

1.1 Organic semiconductors

Organic materials can be roughly classified into three caiteg: small molecules,
oligomers and polymers. For comparison, the organic smaliéoules can be considered
to be a short, non-repetitive, sequence of covalently-bdratoms with a carbon back-
bone and typical molecular weights in the range of sevenadiled (i.e. < 500), as shown
in Figure 1.1(a) and (b). On the other end of the scale, thandcgpolymers are very
large molecules that consist of many repeated units (morg)meith molecular weights
in the thousands and greater (i.2.2000), as shown in Figure 1.1(d). The oligomers fall
in the range of molecular weights between that of the smaleoubes and polymers and
consist of only a few repeated units, but are generally tootsb be considered polymers
as shown in Figure 1.1(c). The organic molecules that cbosialternating single and
double carbon-carbon bonds are said to be conjugated anaf time simplest cases of an
organic polymer, polyacetylene, is shown in Figure. 1.2e $imgle carbon-carbon bonds
are termedr-bonds and correspond to highly localized electrons on thkecale. The
double carbon-carbon bonds consist af-#®ond, which is again highly localized, and a
n-bond, which is formed from the overlap of tipge atomic orbitals and corresponds to a
delocalizedr-electron system along the backbone of the molecule. Wipgardesign,

conjugated molecules possess the proper molecular ogigatyy structure to result in an



energy gap between a filledband (i.e., Highest Occupied Molecular Orbital, or HOMO)
and an emptyr-band (i.e., Lowest Unoccupied Molecular Orbital, or LUM&3 shown
in Figure 1.3(a). This energy gap is termed the HOMO-LUMO gag is in the range of
approximately 1 to 4 eV, corresponding to a wide range ofcapenergies. In general,
we can make the rough assumption that the HOMO level, LUM@Iland the HOMO-
LUMO gap roughly correspond to the top of the valence bantipboof the conduction
band and the energy band gap of crystalline inorganic nadseri

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

@ 0D ®

o 404 d@

Figure 1.1: Chemical structure of the organic moleculepé&afacene, (b) tetrabenzoporphyrin (c)
sexithiophene and (d) poly-3-hexylthiophene.
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Figure 1.2: Chemical structure of the organic polymer po#yglene describing the alternating
double- {r) and single- ) carbon-carbon bonds.

inorganic semiconductors, such as Si and GaAs, and thegatejd organic semiconduc-
tors, such as pentacene and F8T2 [poly(9,9-dioctylfluctenbithiophene)] alternating

copolymer from the Dow Chemical Company. Crystalline iraonig semiconductors are
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Figure 1.3: (a) Energy levels of a single molecule demotistrahe Highest Occupied Molecular
Orbital and Lowest Unoccupied Molecular Orbital. (b) Scla¢imintermediate range
of an amorphous conglomeration of several molecules andatiesponding broaden-
ing of the molecular orbitals and breaking of conjugatioat leads to allowed states
within the energy gap. (c) Schematic density of states foamorphous film of an
organic (or inorganic) semiconductor showing the band edbgand-tails) as well as
the allowed states within the gap.

characterized by a three-dimensional network in which tbena are all connected by co-
valent bonds with bonding energies on the order of 73kualke (for Si—Si bonds) [25].
The semiconductivity of the material arises as a propertthefentire system and the
conduction and valence bands are relatively wide due tottbag interatomic bonds, re-
sulting in numerous delocalized states and a relativeli ktgarge carrier mobility. By
contrast, for the case of the conjugated organic semicdadkjthe intermolecular forces
are weak van der Waal forces with typical energies of 1Qkuale. Since the energies
of these interactions are relatively weak, the electronaperties of the organic material
arise mostly from the properties of the individual molecudmother consequence of the
weak intermolecular interactions is that the energy baedslting from the interaction
of the collective LUMO levels, as well as the collective HOM&els, is relatively nar-
row, resulting in charge transport that is mostly limitedtgnsport via localized states
and a relatively low charge carrier mobility, as shown scaieally by the density of
states of the organic thin-film presented in Figure 1.3(d)e Tharge transport in conju-

gated organic materials occurs through both intramole@rid intermolecular processes



and is described in more detail below. The main ideas thalezhto enhancement of
the charge transport properties of conjugated organiccs®dictors are that of extended
m-conjugation andr-stacking and refer to the degrees of conjugation and dlystya of
the organic material, respectively. For example, fused pgalymeric derivatives based
on aromatic angr heteroaromatic molecules can provide molecular geoesetinat are
more planar and can lead to more extended ground state atigng26]. Additionally,
the planarity of the molecules allows for better organ@atof the molecules, reducing
the molecular separation and strengthening the intermata@eateractions, and thereby
enhancing charge carrier transport.

For the case of conjugated organic small molecules, pemeare by far the most
studied and its chemical structure is shown in Figure 1.[d&)}39]. In general, pen-
tacene exhibits p-type semiconducting behavior with fegfdet hole mobilities in excess
of 0.1cnt/Vs and approaching that of hydrogenated amorphous siliGaveral groups
have reported n-type transistor action from vacuum suldioreevaporated [40—42] and
solution deposited small molecules [43]. Recently, soh#processible porphyrin-based
organic molecules have been of interest, namely tetralpempbyrin shown in Figure
1.1(b) [44,45].

In general, it has been observed that the majority of themeggemiconductors, es-
pecially in the form of polymers, present hole mobilities 02 cm?/Vsec) much greater
than electron mobilities, i.e., p-type transistor actisnmuch easier to observe than n-
type transistor action. However, recently it has been destnated by Chua, et al., that
this observation is often misleading. With the use of soaro drain electrodes with the
proper work function and especially with the use of a hydtdrge gate dielectric, n-type
transistor action (i.e., appreciable electron mobilitp@mching~ 102 cm?/Vsec) is ob-

served [46]. Chua explained that the reduction of electrohihty in the studied materials



is due to the trapping of electrons at the gate dielectrarfate by the hydroxyl groups of
the gate dielectric when insulators such as,Sif2 used.

Conjugated copolymers, such as F8T2, demonstrate thelsgfuof organic semi-
conductors in that they are synthesized from a combinatfamvo (or more) diferent
monomers in order to create a molecule with certain energetl morphological charac-
teristics. In general, synthesizing materials to achiermam desired characteristics can
resultin materials with properties such as light emissicasorption with a specific spec-
trum, enhanced transport of a specific charge species, eathamvironmental stability,
processing from solution, etc. In the case of F8T2, the nubdeis co-polymerized, using
the “Suzuki reaction” from two monomers: 9,9-dioctylflunesalternating with dithio-
phene [47-50]. The resulting molecules are of the “hairy tgpe, with weight averaged
molecular weights i{l,,) between 30 and 150 kgol and thermotropic, nematic liquid
crystalline properties. The glass transitidi)(and liquid crystal transitionT{x,_n) gen-
erally occur around 13Cand 265C, respectively [52]. The liquid crystalline properties
of F8T2 have allowed several groups to demonstrate an eahart of the charge car-
rier mobility by enhancing the crystallinity of the matdr{ae., increasingr-stacking),
as well as through the alignment of the molecules with resigethe channel of the de-
vice [49,51-53].

As mentioned above, solution deposition and processingghf-guality conjugated
organic semiconductors is also a major goal and proposethéatye over crystalline inor-
ganic semiconductors. So far, F8T2 has proved that thistiamempty promise. Several
groups have shown that an F8T2 ink can be used with advankjed pminters and working

electronic circuits can be fabricated [50, 54-56].



1.2 Outline of this thesis

The electrical performance of electronic devices basedisnunique class of conju-
gated organic semiconductors, such as organic figtetransistors (OFETS) has steadily
increased over the past several years [21-23,56-59]. fitrisase can be attributed to the
development of high quality organic semiconductors andreraging of device structures
and fabrication methods, as well as to the progress madederstanding the underlying
physics of organic materials and devices. One importambfac the development of this
class of materials and devices is the ability to reliably pane the various performance
parameters (i.e., fieldfect mobility, threshold voltage and QOIFF ratio) extracted by
different research groups and foffdrent devices. The first topic of this thesis, presented
in Chapter 2, is a discussion and development of the methsmitkto extract the fieldfect
mobility from the transfer characteristics of organic fpukr) field-dfect transistors. We
discuss the limitations of and problems with the use of theventional extraction meth-
ods. We show that some of these limitations can be overcontekinyg into account the
dispersive nature of charge transport through an amorpsewsconductor, which leads
to a gate-bias dependence of the charge carrier mobildy {ield-défect mobility). Tak-
ing this dependence into account allows for a more reliabteraproducible parameter
extraction method.

Additionally, since many of the proposed uses of OFETs wilbive the purposeful
or possible exposure of the device to light (i.e., as a sensaiphotodetector array or as
driving circuitry in active matrix displays), it is impoméato understand theiects, as well
as the underlying physics, of illumination on the electrparformance of these devices.
The second topic of this thesis, presented in Chapter 3 istady of the electrical perfor-

mance of OFETs exposed to both broadband and monochroithatiaation.



An interesting application of organic semiconducting miatse is in photodetectors.
These detectors can be classified into two main groups: e@woibal photodiodes and
three-terminal phototransistors. A number of groups haszdbed conjugated organic
polymer-based photodiodes in various configurations acdlnt reviews can be found
in [60—62]. Several groups have discussed organic phadeditructures utilizing a blend
of different polymers [63], incorporating a composite of a smalletuale (such as &)
and a polymer [64—67], using a multilayer structure comgdasgelternating layers of var-
ious polymers [68], in a microcavity [69], and combined witydrogenated amorphous
silicon (a-Si:H) thin-film transistor (TFT) addressing [78till other groups have reported
two-terminal photodetectors in a lateral configurationgobgn a self-assembled layer of
a DNA derivative [71] and which have been optimized for opltidetection in the near
infrared [72].

However, a much smaller number of groups have demonstiagegfécts of illumina-
tion on the electrical performance of three-terminal, pody-based OFETSs or the use of
these devices as photosensors, which is also describecapt€?t8. Zukawa, et al., have
demonstrated an organic heterojunction-based photiadtang’ 3]. Schon and Klock have
shown the use of a pentacene-based metal-semiconduatieeffiett transistor as a photo-
transistor [74]. Additionally, Narayan, et al., have dédsed, in limited detail, an organic
polymer field-éfect transistor that responds to light [75, 76]. In this ckapthe perfor-
mance of our gate-planarized OFET as a photodetector isidedc

Before devices such as OFETs can be commercialized andateeginto applica-
tions such as smart cards and flat-panel displays, it is itapbthat the non-idealities
and instabilities of the devices be understood and brougtéucontrol. Currently, the
device-to-device reproducibility of organic electronisselatively poor, compared to that

of other thin-film and bulkcrystalline electronic devices (such as hydrogenated jpinoos



silicon and silicon, respectively). Additionally, it hasdn observed that organic thin-film
transistors can exhibit significant non-idealities in theasured electrical characteristics.
Specifically, the electrical characteristics can be sigaifily diferent depending on both
the electrical characteristics sweep direction (i.e., @~PN or ON-to-OFF) and on the
previous state of the device (i.e., if the device was biastalthe ON-state for a certain
amount of time before the electrical characteristics weeasured). Thesdfects, which
are attributed to localization of charge carriers, whichde to changes in the threshold
(or turn-on) voltage of the device, are described in the hertchapters of this thesis.
Namely, the hysteresis in the measured electrical charsiits is discussed in Chapter 4
and the instabilities of OFETSs, studied through the use as{émperature stress (BTS),
are discussed in Chapter 5. We also demonstrate that therégistcan be eliminated from
the electrical characteristics of our devices by incorpogaan intermediate organic insu-
lator layer between an inorganic insulator and the orgamaiconductor layers. We have
performed negativpositive, DGAC BTS and analyzed the results with theory developed
for bias stressféects in amorphous semiconductors. From the BTS work, weexé&
form of the density of states of the active organic semicotmuayer and relate it to the
experimentally observed instabilities of the OFETSs.

Finally, the subject of Chapter 6 is our characterizatiothef density of trap states
within the polymer active layer. This characterization baen performed by the use of an
interesting experimental technique, the photodischargasarement, in which after forc-
ing charge carriers to be trapped into the localized statdsnithe channel layer of the
device and after waiting a certain delay time, the residagided charge is probed with an
illumination pulse. By performing the fits described in thigpter, we are able to study
the kinetics of the trap states and characterize the dessityenergetic distribution of the

trap states of the active organic semiconductor layer. d hesults are compared to, and
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found to be very consistent with, the results from the otlmapters of this work.
This thesis concludes with Chapter 7, where the major cerahs derived from the
work of this thesis are summarized. Several ideas reganasgible future work and

directions are also briefly discussed in the concluding trap
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CHAPTER 2

DC CHARACTERISTICS OF PF-BASED OFETS

In this chapter, the structure of the device used in all ofgkgeriments in this thesis
is described. Next, the DC operation and electrical peréorce parameter extraction
methods and models of polyfluorene-based organic figltetransistors (OFETS) are
discussed. We present a method of extracting the fig&temobility from the transfer
characteristics of OFETS, in both the linear and saturategimes, by accounting for
the dependence of the mobility on the gate bias, which teé@slto a dependence on the
accumulated density of majority charge carriers in the nkanrhis method is compared
to the commonly used extraction methods, which are basedh@standard MOSFET
square-law drain current equations that do not accountéwariation of mobility with the
applied gate bias. We show that by using the standard MOSEHdt®nNs, the extracted
field-effect mobility can be significantly overestimated. We also destrate the use of the
proposed method to extract the fielffext mobility at diferent measurement temperatures,
as well as the dependence of the extracted parameters oeraome. Additionally, the
contact resistance and intrinsic device performance amesiigated through the use of
the transverse line method (TLM). Finally, the performan€t¢hese devices under high

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

A schematic cross-section of the device used in this stugihadsvn in Figure 2.1(a),
along with a TEM cross-section in Figure 2.1(b). A top-viefaooe device is shown in
Figure 2.1(c). The device is an inverted, defined-gate -gl@earized, coplanar thin-film
transistor [1-3]. Indium tin oxide (ITO) was used for the smuand drain contacts, ben-
zocyclobutene (BCB) was used as the gate-planarizati@an kyd also functions as a gate
insulator, PECVD hydrogenated amorphous silicon nitrakS(N:H) was used as a sec-
ond gate insulator layer, and chromium (Cr) was used for #teped gate electrode. For
the case of these devices, the usefulness of the BCB platiarizayer is limited. How-
ever, if a thicker gate electrode is to be used, the plan#sizavill allow for better step
coverage of the subsequently deposited layers [4]. Thedswiere fabricated on a sili-
con substrate (with a thick, thermally grown silicon dioxidyer) to facilitate processing
in standard microelectronic fabrication equipment; hosvethis device structure could
easily be fabricated on a transparent glass or flexibleiplagbstrate. We used a 1wt%
solution of the organic semiconductor F8T2 [poly(9,9-tytftuorene-co-bithiophene)] al-
ternating copolymer dissolved in either xylenes or mesitgk. F8T2 is described in more
detail in the following section. The polymer film was depediby spin-coating and cured
in a vacuum oven at 9C, providing a uniform and unpatterned film with an approxiena
thickness of 1000A. By "curing”, we mean that the solvent iniet the F8T2 was dis-
solved was driven out of the film by heating the sample in a wacuT he reproducibility
from sample-to-sample and the lack of a change in deviceopednce for devices that
have been used over many months provide evidence that thensdd completely driven
out of the film through this process, since we would expectangbk in device perfor-

mance over time if the solvent was not completely removetenrtitial processing of the
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devices. Samples are stored in air, at room temperature yatlew ambient light.
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Figure 2.1: (a) Cross-section of device structure and otenstructure of F8T2. (b) TEM cross-
section of device structure courtesy of Elvin Beach, SteveeReld, and Charlie Wood
of the Dow Chemical Company. (c) Top-view of device showirageg source, and
drain. For this device, & 56um, W = 116um and sourcglrain-gate overlap isiBn.

2.2 DC operation and measurement

OFETs based on F8T2 exhibit p-channel fieftket transistor behavior (i.e., holes are
accumulated within the channel) as can be seen from the tochptacteristics (drain cur-

rent versus drain-to-source voltadg,— Vps) shown in Figure 2.2(a). As expected, for
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field-effect transistors, the output characteristics show twordistegions of device oper-
ation: linear and saturation. The non-ideal behavior ofdéace in the linear regime (at
low Vps) is most likely due to the current crowding associated with¢ontact resistance
between the polymer channel and the source and drain alestf6]. The linear regime
transfer characteristics (drain current versus gatetoes voltagelp — 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 gasstirce voltagelp, — Vgs) of
the OFET were measured in the dark, at various temperatsieg a Karl Suss PM8 probe
station, and an HP4156 semiconductor parameter analyatnotled by Interactive Char-
acterization Software (Metrics). For the transfer chamastic measurements performed
in this study, we measured the devices from the strong ackatiowi (i.e., ON-state) to the
OFF-state, as is commonly done. Transfer characteristasarements performed in this
manner provide more manageable results, since any nohefieets that depend on the
applied gate bias, which would gradually accumulate forctse of measurement from the
OFF-state to the ON-state, occur immediately and completethe start of the measure-
ment from the ON-state to the OFF-state. A Signatone Quiepliemperature controller
and hot-chuck were used to control the temperature of thieekeletween 1€ and 80C.
Except where specified, all measurements were performeeiddrk and in ambient at-
mosphere.

The typical bias conditions used to measure the transfeactaistics, in both the lin-
ear and saturation regimes, and the output characteridtine devices, are given in Table
2.1. We chose to measure the transfer characteristics fier@®N-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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Figure 2.2: (a) Output characteristics of an OFET wite: 16um, W = 56um, sourcgdrain-gate
overlap of approximately/&n (b) Linear regime\ps < Vgs — V) transfer character-
istics of same OFET. Lines are fits to equations (2.2) and.(2c} Saturation regime
(Vps ~ Vgs — V1) transfer characteristics of same OFET.
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chosen because it provides very reproducible data, withriatian in the ON-current of
less thant5% for the linear regime transfer characteristics measbae#f-to-back in the
dark. This allows reliable comparison of the electricalfpenance of the device under

various measurement conditions. The standard method asedract the linear regime

Table 2.1: OFET Electrical Characteristics Measuremeas Bionditions

Transfer Characteristics

Initial —-40v
Vg Final 20v
Step +1V

Vo Linea.r -5Vor - 10V
Saturation Ve
Vs | Common ov
Output Characteristics

Ve -40,-30,-20, -10v
Initial ov

Vb Final -40V
Step -1V
Vs | Common ov

field-effect mobility and threshold voltage from the linear reginengfer characteristics

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

2

w V,
Ip = _NFEIinCinsT (Vs — VTiin) Vbs — % (2.1)

or, for low Vps:
w
Ip = _,UFEIinCinsr (Ves = Vriin) Vos (2.2)
In these equationgsegin is the linear regime fieldfect mobility (cnf/Vs), Cins is the
gate insulator capacitance per unit are@ifi¢), W is the channel width of the devick,is

the channel length of the devicé;s is the applied gate-to-source bidgs is the applied

drain-to-source bias, ang. i, is the linear regime threshold voltage given by the follagvin
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equations for MOSFETSs [7]:

s 4quff

VTIin = 2¢F - == dins A (_¢F) + VEfo (2.38)
ins semi €ins

VELT = pys — Qers (2.3b)
Cins

Here, ¢r is the electrostatic potential in the semiconductor buelk, and ¢,s are the
dielectric constants of the semiconductor and insulaempectivelydis is the dfective
thickness of the insulatoN,‘iff is the dfective acceptor density,s is the potential dif-
ference between the metal gate and semiconductor bulk atgege bias, an®@es¢ is
the dfective interface charge. For simplicity, we account for ¢henulative &ect of all
charges, other than that froNﬁ”, in the semiconductor by assuming dfeetive charge
Qef at the semiconductor-to-gate insulator interface [8]. dtuality, the charges in the
device that #&ect the threshold voltage of OFETs are the fixed bulk chatge mobile
charge, and the interface trapped charge. We can assdaategative threshold voltage
of the p-channel OFETs with a density of positively chargedes in the semiconductor
channelNy [9].

The subthreshold swing is extracted from the linear regiawester characteristics, in

the transition from the OFF-state to the ON-state, usinddhewing equation:
lp oc 107VesS (2.4)

In this equatiors is the subthreshold swing (ffecade), which can be associated with the
density of deep bulk statedlgs) in the organic semiconductor and interface stabés)

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

KT [1 + Lne (e Nes + qNss)] (2.5)

T qlog© | e

wherek, T, andq are the usual physical parametefs, esm anddi,s have been described

above. Though an exact relation between the subthreshofdyssf an OFET and the
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density of states in the active organic semiconductor rizteas yet to be developed, we
expect that equation (2.5) can provide an estimate sinesibben successfully for devices
based on amorphous semiconductors. In other words, we samaghat the subthresh-
old swing can be positively associated with the densitidsitf states and interface states
(i.e., as the state densities increase, the device willaaralower with applied gate bias,
and therefore a larger subthreshold swing will be observEais agrees with the relation
shown in (2.5).

From the linear regime transfer characteristics of the aewn the dark, shown in
Figure 2.2(b), we find typical values of the linear regimedfieffect mobility, threshold
voltage, and subthreshold swing to bex40-3cm?/Vs, -25V, and 3.0Wecade, respec-
tively.

The standard method used to extract the saturation regifdesfiect mobility (urgsa)
and threshold voltagé/¢ ) from the saturation regime transfer characteristicsiiidrar-
rent versus gate-to-source voltage,— Vas, wWith Vps > Vgs for the saturation regime)

uses the following equation, based on the MOSFET theory [6]:
w
Ip = _/JFEsatCinsZ (Vs - VTsat)2 (2.6)

From the saturation regime transfer characteristics, shiawrigure 2.2(c), we find typ-
ical values of the saturation regime fielffext mobility and threshold voltage to bexs
10-3cn?/Vs and -20V respectively. In general, we find values of tharsdibn regime

field-effect mobility to be slightly larger than the fieldfect mobility in the linear regime.
2.3 DC performance parameter extraction methods and models
The electrical performance of organic electronic devisegh as organic fieldfiect

transistors (OFETS) has steadily improved over the pastrakyears [1,3,11-13]. This

improvement can be attributed to the development of highitguarganic semiconduc-
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tors and to the engineering of device structures and faimitanethods, as well as to the
progress made in explaining the underlying physics of dmyamaterials and devices. One
important factor in the development of this class of devisdbe ability to reliably com-
pare the various performance parameters (i.e., figemobility, threshold voltage and
ON/OFF ratio) extracted for élierent devices and found byftérent research groups. In
this section, the methods used to extract the figidet mobility from the transfer charac-
teristics of OFETs will be discussed.

In the past, several research groups have examined thesfietd-mobility in OFETs
from various theoretical perspectives. These studies wased on either the variable-
range hopping (VRH) model [14-16] or on the multiple tragpiend release (MTR)
model [17,18]. For the case of VRH, the transport of chargeera occurs within organic
molecules by hopping (or tunneling) from one localizedestatanother, either over a short
distance with a relatively high activation energy or oveomager distance with a smaller
activation energy. In the MTR model, the charge carrierseneithin organic molecules
from localized states to delocalized states by thermabatobin. Charge transport occurs
through the delocalized states until the carriers are gdppto another localized state,
and so on. The derived analytical expressions were showgréeavell with the experi-
mentally determined gate bias and temperature dependétiwefald-dfect mobility, but
the validity of each model in various organic molecular ey (i.e., well organized small
molecule systems versus amorphous polymer systems) isredéér debate.

Other groups have studied thi@eet of various device fabrication methods on the field-
effect mobility. It was observed that the fieléfect mobility has a significant dependence
on the morphology and ordering of the molecules in the thm-ffor both small molecule
and polymers). The ordering of the molecules can be coettdlly the deposition tem-

perature and rate for vacuum-deposited small molecules2[ll]9 by the solvent used for
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deposition from solution [22, 23] and by mechanical treathwé the substrate before the
deposition of the organic semiconductor. Furthermorehdutd be noted that the de-
pendence of the charge carrier mobility on the applied geae $eems to arise from the
variation of the mobility with carrier density in the chahifi7, 18, 24]. The density of
charge carriers in the channel is controlled by the applad gias (i.e., accumulation of
holes in p-channel devices), therefore, this translatmestire observed dependence of the
carrier mobility with the applied gate bias.

The dependence of the fieldfect mobility on applied gate bias often results in a non-
ideal behavior of the OFET transfer characteristics wittega-source bias, at low drain-
to-source voltage [25, 26]. In this section, we presentetdtde method of extracting the
field-effect mobility from the transfer characteristics of OFETdath the linear and sat-
uration regimes. This method is based on the commonly use8RED square-law drain
current equations with a modification to allow the dependeamtthe applied gate bias to
be taken into account. Using this method, we show that the-&&&ct mobility extracted
using the standard equations can be significantly overastngiving results that may be
unreliable [27]. This method is then used to extract the feliedct mobility and related
parameters from the transfer characteristics fiedint 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 leam dioltage do not always
exhibit a perfectly linear behavior with applied gate besyve the threshold voltage, as in
the case of ideal c-Si MOSFETSs. Typical transfer charasties of an F8T2-based OFET
are shown in Figure 2.3 and Figure 2.4. This deviation fromitteal c-Si MOSFET

behavior, has also been observed in thin-film transist@sdhan amorphous semiconduc-
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tors, such as a-Si:H TFTs [28—-32] where it has been assdoidtk dispersive transport
of the charge carriers (electrons) in a-Si:H [31, 33]. Ingyah in amorphous and other
low-mobility solids (including organic polymers), the mement of an injected pulse of
charges in a steady electric field produces a completely redemut drift of the pulse.
This is due, in part, to heavy trapping of the charge caraecsthe slow release from the
traps under thermal excitation. In such a case, it fBadilt to define the transit time of
any particular charge carrier. Instead, the time deperadefihie current is described by a
power-law:

() < t5, (0< S<2) 2.7)

wheret is time ands is a material dependent parameter related to the disparatuee of
the transport mechanisms. This type of behavior is knowrnisgsedsive carrier transport

in disordered materials.
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Figure 2.3: F8T2-based OFET linear regime transfer chamatits. Arrows indicate direction of
measurement.
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Figure 2.4: OFET transfer characteristics in the linear satdration regimes. Symbols represent
experimental data, solid lines show fits to equation (2.1@) equation (2.20), respec-
tively.

Linear regime
To accommodate dispersive carrier transport, a generatssjon for the drain current

has been derived by Merckel, et al from Kishida and Lerouxg3:

W 1

Ip = —ureCins—

Ly+1 [(VGS — Vrin)”** = (Vas = Viriin — VDs)yH] (2.8)

The right side of equation (2.8) can be series expand&thinto the second order to

give the linear regime drain current as:

W _
Ip = _NFECinsT (Vas = Vriin)’ | (Ves — Vriin) Vbs — %Vés (2.9)

For low Vps, the 234 term becomes negligible and equation (2.9) reduces to:

: W
I = _/JFEIinOCinsr (Ves — Vriin)” Vos (2.10)

whereurgino IS a fitting parameter associated with the fiettket mobility of the device

in the linear regime and the other parameters have beenlegabove. We should note



29

that the unit ofugging is Not cnt/Vs but cnt/V7's.
The modified equation includes an additional parametewhich can be associated
with the non-linearity of the device transfer charactériat low Vps [28—31]. The physi-

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

y = 2% -1 (2.11)

whereTy is the characteristic temperature of the semiconductasitienf-states distribu-
tion around the position of the Fermi level [26, 30]. The darais valid forT < T.

As an example of the application of this theory to an amorghsamiconductor, consider
the case of a-Si:H TFTs, which are usually operated as nraehalevices. For this case,
To is the characteristic temperature (i.e., slope) of the gotidn band tail. In a-Si:H,
the non-ideal situation of > 1 is associated with a high density of conduction band tail
states, which can be attributed to variations of the Si-Bidbangles and distances in the
amorphous semiconductor. We have also previously denatadtfor a-Si:H TFTs [34]
thaty can be significantly under-estimated in cases of non-nié{gigource and drain se-
ries resistances. Indeeg,= 1 can be observed for a TFT with both a high density of
conduction band tail states and high source and drain sesegances.

To fit the OFET experimental data in the linear regime overdevgate voltage range,
shown in Figure 2.4, we used equation (2.10) and the fittimgrpaters summarized in Ta-
ble 2.2. The physical significancep¥alues larger than one in organic devices has not yet
been fully explained. However, we believe that, followihg amorphous semiconductor
ideas described above, it can be associated with an engogyndent high density of states
distribution around the Fermi level position, caused bydwes disorder in the locally self-
organized polymer film. In other words, the amorphous natfitke organic semiconduc-
tor leads to a density of states with band-tail states at #henece and conduction band

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

Linear regime | Saturation Regime
W/L 11636 11636
Cins (F/crr?) 7.5¢10°° 7.5x10°°
JFElin0 OF resaro XCins X (W/L) (A/VYH) | 7x10712 1x10*
ure (cm2/Vs) atVgs — Vr = —25V 1x10°3 2x10°3
y 2.1 2.5
To (K) 465 525
Vr1iin andVr g (V) -9 -6

related to the slope of the valence band-tail states thrthebharacteristic temperaturg

of the valence band-tail states and is still given by thetigieof equation (2.11). As the
carrier concentration increases, localized states aeel filhd the Fermi level approaches
a region of the density of states of more extended electrstaies (i.e., the band edge)
with higher mobilities. Indeed, the gate voltage dependeithe OFET field-fect mo-
bility has already been connected to the characteristipéeature of the semiconductor
density-of-states distribution around the position of Beemi level, Ty [15]. As stated
above, when the OFET parameter extraction is performedywesination (2.10), the unit

of urgino iS NOt cn¥/Vs but cnt/V?s, and equation (2.10) is therefore used only to extract
Y.

To comment further, we should note that, unlike the case afrphous organic ma-
terials we are dealing with here, the case of a more cryseéa(lbrdered) small molecule
organic semiconductor allows a possible connection betilee molecular structure and
the density of states (i.ey) of a thin film, through computer simulations. The case of
amorphous materials introduces disordered moleculampate, due to morphological
and conformational variations in the molecules that mak#agilm, which are more dif-

ficult to simulate with a reasonable amount of resource$uicg time).  Alternatively,
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it is also possible to rewrite equation (2.10) as:
lin y-1 W
Ip’ = —ureino (Vs — Vriin) Cinsr (Ves = Viin) Vs

which becomes:
lin W
I5' = —urein (Ves) Cinsr (Ves — Vriin) Vbs
with:

urein (Ves) = treino (Vs — Vriin)? ™

(2.12)

(2.13)

(2.14)

Equation (2.13) is very similar to the standard MOSFET eignaf2.2) in the linear

regime, but contains the gate voltage dependence of thedi@dt mobility. It is therefore

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

of the gate voltage dependence of the figlge mobility. As it has been pointed out

previously [27], doing so would overestimate the fiefteet mobility of the device by a

factory, as indicated by the equations below. Using equation (&h2)jeld-dfect mobility

is sometimes extracted using the following equation:

lin 1 d I gn
Healc =
VpsCinsW/L \ dVgs

with:

dl“ﬂ W
dV(D;S = /JFEIinCinerDS

(2.15)

(2.16)

However, if the field-&ect mobility is gate voltage dependent, equation (2.2) baset

replaced by equation (2.10) or equation (2.13). In such a,dhe field-&ect mobility

expression becomes:

lin

pom . = yueeino (Ves = Vriin)

or:

lin

Meae = YHrein (Vas)

(2.17)

(2.18)
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where:
prein = Mreino (Vos — Vriin)' ™ (2.19)

This equation clearly indicates that the OFET fiefteet mobility can be overestimated
by a factory if the parameter extraction is not done properly. These rebtiens are
illustrated in Figure 2.5 where we have plotted the figl@a mobility in the linear regime

extracted by the dierent methods mentioned here.

1. Conventional value extracted from experimental datagjsequation (2.2), the
standard MOSFET drain current equation in the linear regime

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

3. Values extracted from experimental data using equafidrb, i.e.#ﬂgjc;

4. Values extracted from experimental data using equaidibj and taking into ac-

county, i.e.,ul" /y.
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Figure 2.5: Comparison of the results of several extraati@thods used to find the OFET field-
effect mobility of the same device as used in Figure 2.3, in tieali regime.

Note that curves (1) and (3) show significantly overestimhat@lues of the fieldfect

mobility, especially at moderate gate voltages. For the c&¢l), the extraction using the
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standard MOSFET equations, which ignores the gate biasndepee of the mobility, the
extracted mobility is constant with applied gate bias, aswshin Figure 2.5. On the other
hand, curves (2) and (4) are very similar and increase with ges, as expected from
the discussion above. Therefore, it is critical to keep indrthat when the conventional
field-effect mobility extraction method (i.e., using equation (Ri2ppplied to OFETS, the
values found for the linear regime fieldfect mobility can be significantly overestimated.
We can also conclude that the methods used to extract cueyesd (4) are the most
appropriate for OFETSs, and allow a more reliable comparigdine electrical performance

of different devices and materials.

Saturation regime

In the saturation regime, (i.eVps > Ves — Vrst), €quation (2.8) becomes equation
(2.20).:

wW
I3 = _,UFEsatOCins(y_i_—l)L (Vs — Vrea)”™ (2.20)

whereureso 1S the saturation regime field¥ect mobility fitting parametefyr g is the
threshold voltage in the saturation regime and the othearpaters have been described
above.

Figure 2.4 also shows the OFET drain current in the saturaggime and the fit to
equation (2.20) using the parameters summarized in Table 2.

Following the same method as that used for the linear regirreepossible to rewrite

equation (2.20) as:

3 W
15" = —presio (Vas — Vrsa)' ™ Cinsm (Ves — Vrsar)? (2.21)

or

w
I3 = —presat (Vos) Cinsm (Vas — Vrsar)? (2.22)
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with
presat (Vas) = presao (Vos — Vrsa)' ™ (2.23)

Equation (2.22) is very similar to the standard MOSFET eiquain the saturation
regime, but contains the gate voltage dependence of thedfieldt mobility. As was the
case with the linear regime parameter extraction, it isgoeate to extraGlres as it is
done for the MOSFET because of the gate voltage dependetire foéld-dfect mobility.
As it has been pointed out previously [27], doing so wouldresgmate the fieldféect
mobility of the device by a factory(+ 1)/2, as indicated by the equations below. It is

possible to write the standard saturation regime MOSFE &g (2.6) as follows:

[ W
|||?)m| = /JFEsatCinsZ (Vs = Vrsat) (2.24)

Consequently, the fieldfi@ct mobility is sometimes extracted using the following &qu

tion: )
w1 [ayiE

Heale = & W2L | “dVes

dylist] c W 5 26
dVes = \/MFEsat |nsz (2.26)

However, if the field-&ect mobility is gate voltage dependent, equation (2.6) baset

(2.25)

with:

replaced by equation (2.20) or equation (2.22). In such a,dhe field-&ect mobility

expression becomes:

Heale = (%)ﬂFEsatO (Vos — Vrer) ™ (2.27)
or:
Heae = (%)ﬂFEsat (Ves) (2.28)
where:

prest = Hresao (Vos — V)™t (2.29)
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In Figure 2.6, we show the values of the extracted figfdet mobility in the saturation
regime, using the following methods.
1. Conventional value extracted from experimental datagigie standard saturation
regime MOSFET equation (2.6);
2. Values calculated using equation (2.23) and fitting patans from Table 2.2;
3. Values extracted from experimental data using equaBidbf, i.e. u3 ;
4. Values extracted from experimental data using equad@bj and taking into ac-

county, i.e.,u" / (y + 1/2).

—=—(2.6)
—e—(2.23)
—a—(2.25), u™

calc
sat

—v—(2.25), 2u__ /(y+1)

calc

U, (10°cm*/Vs)

3 20 -0 0
Vo -V, (V)

Tsat

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

Note that, as shown in Figure 2.6 and as it is with the casenektraction in the linear
regime, the curves (1) and (3) show significantly overedtshaalues of the fieldfgect
mobility in the saturation regime, especially at moderateg/oltages. For the case of
curve (1), we see that the extraction results in a mobiliag v independent of the applied
gate bias. The dierence in the results from each method is less significamdrfge values

of the gate voltage. On the other hand, curves (2) and (4) emesimilar, and give the
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expected result of increasing fieltfect mobility with applied gate bias. Therefore, it is
critical to keep in mind that when the conventional exti@cinethod (i.e., using equation

(2.6)) is applied to OFETS, the fieldfect mobility in the saturation regime can be signif-
icantly overestimated. We can also conclude that the methedd to extract curves (2)

and (4) are the most appropriate for OFETSs.

In general, the behavior of the mobility for the case of desibased on disordered
materials (i.e., OFETs based on F8T2) ifetient from the case of devices based on crys-
talline materials (i.e., MOSFETs based on c-Si) becaus@éenature of the density of
states, near the position of the Fermi level, that the aarmeove through. Crystalline
materials are characterized by well-defined, delocalizaalsport bands separated by an
energy gap that is nearly devoid of localized states, negpilh a mobility that has negligi-
ble dependence on the applied gate bias. Whereas, in disdmiaterials, the delocalized
transport bands are not well defined and there exists a signifidensity of localized states
in the energy gap, as well as band edges that are not idealurerend consist of sloped
band-tails.. This shape of density of states results in@&éect mobility that has a signif-
icant dependence on the applied gate bias, since the reffioa density of states, through

which the charge carriers are transported, changes withppked gate bias.

2.3.2 Dependence on temperature

We have used the extraction methods developed in the presemtion on OFET trans-
fer characteristic data taken afférent temperatures ranging from"@o 80'C, as shown
in Figure 2.7.

In Figure 2.7, we see that the OFF-state drain current isfgigntly affected by the tem-
perature of the device, and increases from approximateh053A to 5x1071%A as the

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

transfer characteristics (i.e., the slope of the semilogsph the transition regime from the
OFF-state to the ON-state) does not appear toffeeted by the temperature, indicating
that the region of the density of states of the organic semdgotor near the Fermi level
is not significantly altered. In Figure 2.7, the symbols esgnt the experimental data and
the lines show fits of the linear plots using equation (2.E@m the fits, the linear regime
field-effect mobility urgino, linear regime threshold voltadé i, and they-parameter are
extracterd from the data of Figure 2.7 affdrent temperatures. Then, using equation
(2.14), urgin as a function of applied gate bias is calculated for each ¢eatpre. The
field-effect mobility increases with gate bias, as shown in Figuredhf the temperature
dependence of the field¥ect mobility at diferent applied gate biases is shown in Figure
2.9.

The fit of urgiin With temperature is an Arrhenius relationship of the form:

prgiin = Hig€ =X (2.30)
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Figure 2.8: Dependence of the fieltfext mobility on applied gate bias atfidirent temperatures,
found from the data shown in Figure 2.7 using equation (2ab@d)equation (2.14).
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Figure 2.9: Dependence of the OFET fieltleet mobility on temperature, taken from the data
shown in Figure 2.7 at flierent gate biases|Vgs| increases from 28V to 40V for
the data from the bottom to the top of the figure. Symbols apeemental data and
straight lines are the fits to an Arrhenius relationshipingjithe activation energys;)
of the field-défect mobility.
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whereu; is the pre-exponent factor of the mobility and has a valugopfaximately 10
cn?/Vs here. The fit is excellent up to approximately’80and we can see that, as ex-
pected, the field{€ect mobility is activated in temperature. In Figure 2.10,pesent the
thermal activation energly, of the field-éfect mobility as a function of applied gate bias.
This data was taken from the mobility data found using meth{@jland (4), described in
the previous section.

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

0.5
® fromy method
4  from derivative
0.4
A
0.3 X

A g

A 40
0.2- .‘l.l.ll.‘.‘.

a

E (eV)

0.1

0.0 T T ¥ T T T T T
40 -35 -30 -25 -20 -15 -10

Vs (V)

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

applied gate biase$Vgs| = [Vrinl) and increases for lower gate biases. Similar results
were obtained by others and were associated with the fillilgve-lying localized elec-
tronic states by the accumulated charges as the gate braseased [15]. We should note
that this entire method is only valid for gate biases aboedlineshold voltage, or in other
words, for gate biases that bias the device into accumulatio

Furthermore, the dependence of the threshold voltaggagtt from Figure 2.7 using

equation (2.10), on temperature is shown in Figure 2.11yandan see that the threshold
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voltage decreases slightly with increasing temperattigerate of approximately 0.04K
over the range of temperature we used here.

We present the temperature dependence,dbund from Figure 2.7 using equation

1000/T (1000/K)
36 35 34 33 32 31 3 29 28
14 -
@l 2
g A
> \\
""T_ 104 H,___________ A
> A S
g F8T2
Ve =-10V
W = 56um
6 L=16um

280 290 300 310 320 330 340 350 360
T (K)

Figure 2.11: Dependence of the OFET threshold voltage opdeature, extracted from the data

shown in Figure 2.7. Symbols are experimental data and thigst 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 thaas a value significantly larger
than unity and has a more complex dependence on temperathesobserved temper-
ature dependence is not the expected result that shouthvfédbm equation (2.11). At
the lower temperatures, below “4%) vy decreases with temperature, as expected. How-
ever, at higher temperatures, abové@0the dependence on temperature is reversed and

reduced. Though these results were reproduced severa, tiarther investigation of the

dependence of on temperature is needed.

2.4 Sourcgdrain contact resistance and intrinsic device performance

The electrical performance of thin-film transistors arepflimited by the resistance

between the active layer material and the source and draatretles (i.e., contact resis-
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Figure 2.12: Dependence of the OFET gamma parameter on tatupe extracted from the data

shown in Figure 2.7. Symbols are experimental data and thiglkt lines are linear
fits to the corresponding sections of the gamma data and asmyeides to the eye.

tance) [35—42]. This resistance presents itself as aniadditresistance to the current that
flows through the channel of the device and thereby reduegsdtiormance of the device.
In this section, the source and drain contact resistancendrasic device performance
(i.e., intrinsic field-&ect mobility and intrinsic threshold voltage) are charazesl. Ad-
ditionally, the temperature dependence of the intrinsiégpmance and contact resistance
is described.

In general, we have found that the source and drain electmdéee of indium tin oxide
(ITO) provide dfective electrical contact to the organic material. As showFigure 2.13,
we see that the contacts exhibit a Schottky-type behavier, @xponential dependence)
at low Vps and changes to an apparent space charge limited currentitygedavior (i.e.,
guadratic dependence) at highéys [35]. Note that the curves in this figure are similar
for measurements with the gate electrode floating and wély#te electrode grounded to

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

2.4.1 Experimental results and analysis

To investigate the energetic properties of the sqdregn electrical contacts and of the
intrinsic electrical performance parameters (i.e., n#i¢ field-éfect mobility and thresh-
old voltage), we measured the linear regime transfer cteniatics at diferent tempera-
tures (10< T < 70°C) of a series of devices with filerent values of channel width (W)
and channel length (L).

To continue with the analysis of these devices #fedent temperatures, we calculated

the normalized ON resistance as:

W x Roy = W X Vps/Ip (231)

and plotted it as a function of channel length as in Figurd Bdlow.
Performing linear fits to the data in Figure 2.14, providesdlopes of the normalized on
resistance curves at several applied gate bias points.nVbese of the slopes are plotted

as a function of applied gate bias as shown in Figure 2.15dci set of measurements at
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Figure 2.14: Normalized ON resistance (i¥/,x Ron = W X Vpg/Ip) as a function of channel
length for diferent applied gate biases above the threshold voltage.laBirasults
were obtained for calculations for measurements at the thgperatures.

W*Rgy = W*Vp g/l (10%Q-um)
5

different temperatures.

The linear fits to the data of Figure 2.15 provide a means ddiointg the intrinsic
mobility and intrinsic threshold voltage atftérent temperature. These data are shown
below in Figure 2.16 and 2.17, respectively.

Plotting the field-&ect mobility as shown in Figure 2.16 allows for the deterrtiora
of the activation energy of the field¥ect mobility (over this limited temperature range).
For the field-&ect mobility, we find au, of approximately 4 crffVs with an activation
energyE, of 0.19eV. These results agree very well with our previoussneements de-
scribed above and parameter extractions without using kié (I.e., we foundy, = 10
cn?/Vs andE, = 0.2eV in section 2.3).

We see from Figure 2.17 that the threshold voltage shows tittpendence on the
temperature, exhibitingVr /AT = 92mV/K. These data are consistent with our previous
extraction results (i.eAV1 /AT 40mV/K) presented in section 2.3.

From the y-intercepts of the data shown in Figure 2.14 (amah &imilar plots for mea-
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Figure 2.15: Inverse slopes of the linear fits to the dataguie 2.14 as a function of applied gate
bias above threshold voltage, (i.8(WW x Ron)/dL)™t vs. Vgs).

surements at other temperatures), we can extract the goaicecontact resistance. For
comparison, we then calculate and plot the normalized conggistance as a function of
applied gate bias and temperature as shown below in FigLée 2.

For devices biased above threshold, thi® Sontact resistance drops exponentially
with the applied gate bias. We see from Figure 2.19 and 2 20thie contact resistance
is activated with temperature with an activation energyr @e2eV. The activation energy
increases as the applied gate bias is decreased. Thede sesuh to make physical sense,
since we expect the contact resistance, as well as the ensggyred to injegextract
charge carriers, to decrease as the level of accumulatiohasfe carriers in the channel
increases.

Given the contact resistance (extracted as described phveean calculate and plot
the channel resistance as a function of applied gate biaseamkerature as shown in Fig-
ures 2.21 and 2.22. For a valid performance comparison, eeheésaverage normalized
channel resistance, averaged over the range of device geesngsed in this study and

normalized per unit channel length.
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Figure 2.16: Intrinsic field#ect mobility (taken from the slopes of the data in Figure Pdétted
as a function of inverse temperature.
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Figure 2.17: Intrinsic threshold voltage (taken from théntercepts of the linear fits shown in
Figure 2.15) as a function of temperature.
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Figure 2.18: Normalized/® contact resistance (i.e., channel width times total e 3D series
resistance) as a function of applied gate bias for 283< 343K.

Similar to the case for/® contact resistance, we see that the channel resistange dro
exponentially as the gate bias is increased and is therraatlyated with an activation
energy of approximately 0.2eV, which varies with appliedegaias as shown in Figure

2.23.

2.5 High-field operation

In order for OFETs to make their way into commercial applmag, they must be able
to operate within specific environmental conditions as aslprovide the desired electri-
cal performance. For example, in the case of flat-panelaysmuch as cholesteric liquid
crystal displays, the driving circuitry must be able to autp large voltage in order to
control the display. In this section, we present the eleatperformance of these devices
under high gate-to-source and drain-to-source electiitstie

To demonstrate the possible use of OFETSs in high-voltage-power applications
(such as electronic paper and certain types of liquid crgksplays) we tested the oper-

ation of these devices at high bias points (Mysmax = Vbsmax = —100V, corresponding
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Figure 2.19: Normalized contact resistance as a functioeraperature for various applied gate
biases above threshold.
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Figure 2.20: Activation energy of the normalized contasigiance as a function of applied gate
bias.
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Figure 2.23: Activation energy of the average normalizeanctel resistance as a function of ap-
plied gate bias.

to a maximum electric field from drain-to-source o671 x 10° V/cm). The results are

presented and described below.

2.5.1 Experimental results and analysis

By examining the transfer characteristics presented imr€i@.24, we see that un-
der high-field conditions, the device performs as usual, (sienilar to the low-bias case
shown in Figure 2.2). As shown in this figure, we do observeith ghthe characteris-
tics, corresponding to a threshold voltage shift, for measents in dierent directions.
This short-term, reversibleffect is presumably due to the trapping of charge carriers in
the channel of the device, near the gate-insulator orgaméconductor interface, These
device instabilities are described in further detail infibllowing chapters.

Figure 2.25 demonstrates, that even for high gate-to-scelectric fields, the gate
insulator stack of this device structure is robust and na@ista low gate leakage current.
Note that this measurement was taken at the same time astthshaavn in Figure 2.24.

For the device in the ON-state, the gate leakage currentléast 2 orders of magnitude
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below the drain current. For the device in the OFF-statedtiaen current is reduced to
nearly the same level as the gate leakage current.

From these characteristics, we see that the filleslee mobility does not deteriorate
and the ONOFF ratio stays the same for devices under high applied -doasource and
gate-to-source biases. However, there are significarghibté voltage shifts and the sub-
threshold slope appears to degrade as the maximum gatextoesbias is increased.

From these results, we see that the F8T2-based OFETSs apjesgdod candidates for
applications requiring high-voltage devices, includingiavoltage, low current switches,
as well as inverters. Though there are significant shiftheelectrical characteristics,
there does not appear to be any breakdown occurring thrdwggbhtannel or through the
gate-insulator. We expect that devices based on similaenmaét and structures could
function properly and provide the necessary requirementsive certain flat-panel dis-

play technologies requiring high voltage requirements.

2.6 Conclusion

The structure of the device used in the present experimadtth@ operation and mea-
surement of this device has been reviewed. Additionally,edhad that can be used to
reliably extract and compare the fieléfext mobility from the transfer characteristics of
OFETs has been presented. This method is based on the mibalifich the standard
MOSFET equations to include the gate bias dependence oftidrge carrier mobility,
which can more physically be described as a dependence ahdnge carrier density in
the channel. We have shown that the use of the standard MOSg&ations to extract
the mobility can give significantly overestimated resuhdyoth the linear and saturation
regimes, and this should be kept in mind when comparing thetredal performance of

devices evaluated in this manner. The proposed method veds tasextract the field-
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effect mobility from the transfer characteristics measuradifégrent temperatures and the
temperature dependence of the relevant parameters washtgés We observed that the
field-effect mobility was thermally activated, with an activatioreagy (E,) that depends
on the applied gate bias and has a value of approximatelyOT2ese results agree with
previously published results, demonstrating the validitthe OFET parameter extraction
method described in this paper.

The source and drain contact resistance and intrinsic e@éadormance (i.e., intrinsic
field-effect mobility and threshold voltage) have been charactnimeng the transverse
line method (TLM). The temperature dependence and aativanergies of each param-
eter have been found and agree with results from other merasmts. These results in-
dicate that the electrical contact between the organiceamuctor and the sourfiain
electrodes exhibits Schottky-like behavior at lgys, which gradually changes to a space
charge limited current behavior &g is increased.

The electrical performance of the F8T2-based OFETs undgr ¢@ate-to-source and
drain-to-source electric fields has also been characteapel presented. These results
indicate that, even though these devices exhibit a signifidagree of instability (i.e.,
threshold voltage shifts), they show promise for use iniappbns 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 prop@ggalications of OTFTs in-
volve the exposure of the devices to illumination, eithediegign or unintentionally. For
example, OTFTs may be used in a photosensor array as theagehsments or they may
be used in flat-panel displays as the driving circuitry. linei case, it is likely that the
OTFTs will be exposed to illumination. Therefore, it is inmf@nt to understand the physi-
cal mechanisms involved with and how the illuminatidfeets the electrical performance
of OTFTs.

We have studied the electrical performance of the gateaplzed OFETs based on
F8T2 under illumination, as well as the performance of thilsaces as photodetectors.
We found that the OFF-state drain current of the OFET is Santly increased due to the
illumination, while a smaller, relativefiect is observed on the drain current in the strong
accumulation regime. Furthermore, the illuminatidfeetively decreases the threshold
voltage of the device and increases the apparent subthdeskimg, while the field-fect
mobility of the charge carriers in the polymer channel ishamged. We have observed
full recovery of the devices after the illumination is renedvat room temperature. These
observations are explained in terms of the photogenerafiercitons due to the absorbed

photons. The photogenerated excitons subsequefilsdiand dissociate into free charge
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carriers, thereby enhancing the carrier density in the mblaof the device. The photogen-

erated electrons can be trapped by positively chargedssthtreby reducing the threshold
voltage, while the photogenerated holes contribute toxkbess photocurrent measured at
the drain.

The first section of this chapter discusses tiieat of steady-state, white-light (broad-
band) illumination on the electrical characteristics ofEJS. We have found broadband
responsivities of approximately 0.7mA for devices biased in the strong accumulation
regime and gate-to-source voltage-independent photitiséies of approximately 18for
devices in the OFF-state. We also determine the flatbandg®Ibf these devices to be
about-2.3V.

The second section of this chapter discussesfiieeteof monochromatic illumination
on the electrical characteristics of OFETs and the use @ktlievices as photosensors.
To demonstrate the possible use of OFETs as photosensonsiesent the responsiv-
ity, photosensitivity (signal-to-noise ratio), extermplantum éiciency, noise-equivalent
power, and specific detectivity of these devices. The degerelof these parameters on

the incident photon energy and irradiance level is desdribe

3.1 Hffects of broadband illumination

3.1.1 Experimental setup

To investigate theféect of steady-state illumination on the electrical perfante of
our devices, the devices were illuminated from the top, as/atin Figure 3.1(a). The ex-
periments were carried out on a Karl Suss PM8 probe statsinguroadband white light
from a 150W halogen lamp through a Mitutoyo microscope asltinmination source.
The ultraviolet-visible absorption spectrum of a thin-fi{@D00A) of F8T2 on a quartz

substrate (taken with a Cary 5e UV-Vis-NIR Spectrophot@reind the spectrum of the
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incident light at the sample surface are shown in Figure Bt@m this figure, we can see
that light from the lamp is absorbed mainly in the range of &@ngths from approxi-
mately 475 to 525nm (2.6 to 2.4eV). In this wavelength ratige absorption cdicient
(o) varies from 25 x 10° to 25 x 10°cm?, providing a Ia light absorption depth from
400 to 4000A. Since the thickness of the F8T2 film is only 100@& can assume that
the irradiance inside the polymer film at the channel is agprately equal to the irradi-
ance at the film surface (i.e., the photons are uniformly ddesbthroughout the polymer
film). 1t was also assumed that the lateral distribution gihitiwas uniform. The incident
light irradiance at the surface of the film, measured usintngarnational Light SED625
thermopile detector connected to an International Lighif/lR0 research radiometer, was
controlled from 0 to 2.9Wn?. The light delivered to the device was focused to a spot
size approximately equal to the area of the device and the@hmannel of the device was
illuminated as shown in Figure 3.1(b).

We measured the OFET electrical characteristics in the @adkunder various levels
of illumination at room temperature using an HP4156 sendoactor parameter analyzer
controlled by Interactive Characterization Software (M. The bias conditions used
to measure the transfer characteristics, in both the liapdrsaturation regimes, and the
output characteristics of our devices, are given in Tabléd/ .chose to measure the trans-
fer characteristics from the ON-state to the OFF-state, frem Vgs = —40V to 20V).
This measurement method was chosen because it providesegnoducible data, with
a variation in the ON-current of less tha®% for the linear regime transfer characteris-
tics measured back-to-back in the dark. This allows rediaomparison of the electrical

performance of the device in the dark and under illumination
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3.1.2 Device under illumination

We have observed very stronffexts of steady-state, broadband illumination on the
electrical performance of OFETs. Thé&exts are evident when we compare the linear
regime transfer characteristics of a device in the dark eselof the same device under
illumination as shown in Figure 3.3(b). From this figure, ve@ cee that the drain current
in the OFF-state is significantly increased by several ardémagnitude, while a milder
effect of illumination on the drain current in the strong acclatian regime is observed.
The significant increase of drain current in the OFF-stateewthe device is under illu-
mination, can be attributed to the enhancement of the cateiesity in, and therefore the
conductivity of, the channel of the device due to the phategation of excitons in the
polymer.

There are four basic photocarrier generation processesichaganic polymers that
can contribute to the enhancement of the carrier densithenpblymer channel of the

device [1]:
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a) Exciton formation and subsequent dissociation (elefiegld, surface, or impurity
induced) into free carriers;

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

c) Photoinjection of carriers from the metal soydrain electrodes into the polymer;

d) Detrapping of carriers trapped in localized gap stateéserpolymer.

In this work, we expect that the most likely carrier photavgetion process is through
the exciton route. Photons with the proper energy are abdarbthe polymer, forming
an exciton (i.e., a bound electron-hole pair) as shown sakieally in Figures 3.4(a) and
3.4(b).

While we have not directly investigated the properties @f éxcitons that are pho-
togenerated in F8T2, we should comment on the experimeratiads that can provide
insight into the kinetics and energies associated with ghisnomenon. Photolumines-
cence of a thin film semiconductor, when performed at a vesyte&mperature (i.e., near
4K), can provide information about the binding energy amekcs of excitons [2]. Ad-
ditionally, electro-optical absorption (i.e., field-depent absorption) can provide further
information about the binding energies and dissociatioperties of excitons in a polymer
film [3]. Additional methods, such as photothermal deflatspectroscopy and photolu-
minescence quenching in a thin-film transistor structurefoather characterize the ex-
citon by providing the sub-gap absorption spectrum andrimédion about dtusion and
dissociation of the exciton, respectively [4]. We shoukbahote that the groups of Friend
have, in numerous reports, observed the formation, trgpgm dissociation of excitons
in polyfluorene derivatives and blends [5, 6]. Additionathye exciton energy and binding
energy can be estimated from optical absorption combin#ueither cyclic voltammetry
(CV), photocurrent measurements or light-induced elecspin resonance (LESR). We

find that the onset of the optical absorption in F8T2 occues approximately 2.45eV, as
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shown in Figure 3.2. By comparing this to the HOMO-LUMO gapnifr C-V of 2.7eV,
we find a binding energy of the exciton in F8T2 to be roughlyt0.8.4 eV. This binding
energy is consistent with results obtained by other groapshie energetic properties of
excitons in polyfluorenes [7]. These results confirm thateketon route is a possible
and probable physical mechanism that leads to the photogf@reof charge carriers in
polyfluorene-based organic semiconductors.

The photo-generated excitonfilises to a dissociation site (i.e., defect, impurity, or
surface state) and dissociates into an electron and holee @anerated, these charge car-
riers begin to move under the influence of the electric figloinffthe applied/ps andVgs)
and in opposite directions down the channel of the OFET. \dthbiasing conditions, the
electrons move away from the gate and drain and towards threesavhile the holes move
towards the gate and drain and away from the source. Some ghibto-generated elec-
trons are trapped into, and neutralize positively chargetes (1) that contribute to the
large initial negative threshold voltage, thereby redgdhre threshold voltage. The origin
of these positively charged states is presently under iigpa®on. The photo-generated
holes are collected at the drain electrode (by the correipgriransfer of an electron
from the drain electrode into the valence band of the polym&mphoto-current is mea-
sured that is larger than the drain current in the dark, eajpewhen the device is operated
in the OFF-state. These processes are shown schematicétly proposed energy band
diagrams presented in Figures 3.4(a) and 3.4(b). Figur@)3shows the energy band
diagram of a device under illumination, normal to the chamfiehe device (i.e., in the
direction from the gate, through the gate insulator, andugh the semiconductor) near
the source electrode. Figure 3.4(b) shows the energy baggain of a device under illu-
mination, in the direction of the channel of the device (irethe direction from the drain

electrode, through the semiconductor, to the source eld&}r When the device is oper-
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ated in the strong accumulation regime, the relatitiect of the illumination on the drain
current is much smaller compared to itkeet in the OFF-state. This can be explained by
the overwhelming#ect of the gate voltage on the concentration of accumulatetecs in
the channel of the device, at the levels of illumination uisetthis study, and is explained

in further detail below.

3.1.3 Experimental results and analysis

We have investigated thefect of the illumination irradiance level. Figure 3.5 pretsen
the linear regime transfer characteristics of our OFET endhrk and under various lev-
els of illumination up to approximately 2.9%h¥. From this figure, we can see that the
OFF-state drain current of the device is strongly depenaiettie level of illumination. As
the illumination level is increased, the drain current is@ased since the photogeneration
rate of excitons (and therefore charge carriers) in themdlaof the device increases as the
illumination intensity is increased.

Figure 3.6 presents the variation of the OFF-state draireatyrON-state drain cur-
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Figure 3.5: Transfer characteristics of OFET in the dark@mdier various irradiance levels.
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rent, linear regime fieldféect mobility, threshold voltage and apparent subthresswidg
(S*) with illumination irradiance. From this figure, we see tha relative change in the
OFF-state drain current, as the irradiance level is inegds much larger than the relative
change in the ON-state drain current, as stated above. Tibe@tectrical parameters were
extracted from the linear regime transfer characterist€d-igure 3.5, using equations
(2.2) and (2.4) from above. From Figure 3.6, it is evident Hsathe illumination level is
increased, the threshold voltage of the devicdfisatively reduced and the apparent sub-
threshold swing is increased. We speculate that the remuofithe threshold voltage is
due to the compensation of positively charged statesthat contribute to the large initial
negative threshold voltage) by the photo-generated elegf{i.e., the electrons are trapped
by positively charged states). Thifect can be understood by examining equations (2.3a)
and (2.3b) for the threshold voltage of a MOSFET. If we use #guation to explain the
behavior of OFETs under illumination, we see that a redactibN; corresponds to a
reduction ofQes¢, Which leads to a reduction of the threshold voltage. In Fegi7, we
present the transfer characteristics plotted using fieetive gate-to-source voltage (i.e.,
Ip versusVgs—Vr) at various illumination levels. From this figure, we can ge#, indeed,
the major &ect of the illumination is a reduction of the threshold vgkaConversely, the
field-effect mobility is relatively unfiected, indicating that the electronic structure of the
polymer is not &ected by the illumination. Additionally, we conclude thiagte is negligi-
ble change in temperature due to illumination of the de\sa®;e the field-fect mobility

is expected to increase with temperature in conjugatednpedysemiconductors [8—10].
The apparent increase in the subthreshold swing with isgrgallumination can be at-
tributed to the enhanced conductivity of the channel of #saak in the OFF-state due to
the increase in carrier density brought about by the illlation. This is an additivefgect,

in that the illumination provides another means by whichdotml the density of charge
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carriers in the channel and can be thought of as a second \¢dten either of the gates

is turned df (i.e., Vos > OV applied or no incident illumination), thefect of the other
gate is maximized. For instance, the @NFF ratio (on./lore) is maximum for no illumi-
nation and pjjjum/ | pgark IS Maximum for a device biased in the OFF-state. The observed
result is an apparent decrease in tie@iveness of the applied gate bias over the channel
(i.e., larger apparent subthreshold swing) with increagiradiance. However, as shown
in Figure 3.7, we see that the subthreshold swing of all @jretark and illuminated, are
similar. The increase in the apparent subthreshold swirag iartifact of the extraction
method using equation (2.4) under illumination. Using thlation of equation (2.5), the
density of states can be connected to the subthreshold swwthgan be extracted from the
transfer characteristics in the dark and under illumimatierom Figure 3.7, we conclude
that, since the subthreshold swing is not significantiigcted by the illumination, the den-
sity of states in the polymer is not significantlffected by the illumination.

Alternatively, the observed results can be understood tegsitigating the band-
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Figure 3.7: Threshold voltage-normalized transfer charatics (i.e.,Ip versusVgs — V1) of
OFET in the dark and illuminated at various irradiance lgvel
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bending and energy level structure in the organic semicttodin the direction normal to
the channel of the device. This theory has been developddifefiim transistors (TFTs)
based on amorphous semiconductor materials, namely hgabgd amorphous silicon
(a-Si:H) TFTs [11-13]. The non-equilibrium situation oétiluminated device is charac-
terized by a splitting of the equilibrium Fermi level intodvwguasi-Fermi levels; one for
holes and one for electrons. The splitting is dependent elnntiensity and energy of the
incident illumination. The band-bending (i.e., thiéeet the gate has on the accumulated
carrier concentration in the channel), at a certain gats, lisareduced in the illuminated
device due to the increased density of charge carriers ichthienel from photogeneration.
Experimentally, we observe thistect as a reduction in the threshold voltage and an in-
crease in the apparent subthreshold swing.

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

defined as:

loh  Ipilum — | pdark
R= > = 2fum Ddak 3.1

wherel 4, is the drain photocurren®;, is the power incident on the channel of the device,
I pinum 1S the drain current under illuminatiohyqak iS the drain current in the darlg is
the irradiance of the incident light amdis the dfective device area. Thefective device
area,A is calculated from the geometry of the devigeis equal to the fective channel
length L + 2L;) times the &ective channel widthW + 2L;), whereL, is the dffusion
length of the holes. For, <« L, W, which is the case here (i.e., 100s6000nm), the
equation reduces tb x 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 theng) accumulation regime than
in the OFF-state. This is evidence of a gain mechanism in ¢évecd, since the number
of photo-generated carriers mostly depends on the inteasthe incident illumination,

and not on the applied gate bias. We have observed valuRsagxcess of FmA/W for
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the case of broadband illumination. This value is severdi® of magnitude lower than
reported responsivities of 0.1 to 0.BK of other organic photodetectors under monochro-
matic illumination [14, 15]. However, the responsivity bEtpresent devices is expected
to be significantly larger for a monochromatic light soure@ihg a photon energy corre-
sponding to the maximum absorption of the polymer as contpiréhe present case in
which most of the incident light is not absorbed [16, 17].

In Figure 3.9, we present the dependence of the responsivitye illumination irradi-
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taken from data for the same device shown in Figure 3.7.

ance. We can see from this figure that the device has the higisgonsivity when biased
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in the strong accumulation regime, and the responsivityedeses with increasing irradi-
ance. The decrease of responsivity as irradiance is iredeasdue to the saturation of
the photocurrent, which can be caused by several factors faztor influencing the pho-
tocurrent is the ficiency of charge transport through the channel of the deati¢egher
irradiance levels. In other words, even though more exsitand therefore more holes,
are photogenerated at higher irradiance levels, thesersamay not be able to contribute
to the photocurrent due to the limiting nature of the chargegport mechanisms, such as
space-charge-limited currents, in the polymer. A secongeaf the photocurrent satu-
ration at higher irradiance levels is exciton-exciton &ilation, i.e., at higher irradiance
levels, the enhanced density of excitons causes the egdibanteract with each other.

A second useful figure of merit is the photosensitivigy,(or signal (photo-current)
to noise (dark-current) ratio, of the device, which can bgragpimated as [18]:

_signal Ipn  (Ipinum — Ipdark)
noise  Ipdark | Ddark

(3.2)

where all terms have been previously defined. The dependéitbe photosensitivity on
the gate voltage\ss) is shown in Figure 3.8. From this plot, we can see that P isx-ma
mum in the OFF-state and is minimum in the strong accumulaggime, consistent with
the observations and comments made above about the draentunder illumination.
We have observed values Bfin excess of 19in the OFF-state at a broadband illumina-
tion level of 2.9Wcn?. From Figure 3.8, we can also see tRas not a strong function
of Vgs in the OFF-state. In fact, the slight dependence/gg and the little noise of the
P — Vgs curve are mainly due to the extremely lowl(0-*?A) OFF-state drain current of
our OFETs in the dark. The high sensitivity to illuminatiomdanon-dependence on the
gate-to-source bias in the OFF-state are very useful cteistics of the device if it is to
be used to detect light at low applied voltages (i.e., low @oeonsumption). Figure 3.8

also shows the dependence of the photosensitivitygarfor several values of illumination
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Figure 3.9: OFET responsivityRj and photorespons&(,p) versus irradiance for variolgss.

irradiance. We can see that, as expeckahcreases with increasing illumination irradi-
ance. However, the photosensitivity for a device biasethén@FF-state is nearly linear
with the irradiance level, giving a limited dynamic rangattmay not be very satisfactory
for certain detector applications.

A related measure is the ratio of total drain current undemiination to drain current

in the dark, which is referred to as the photoresponse anefiisetl as [19]:

I
RL/D _ ID|||um (33)
Ddark
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A plot of R_p versusE for variousVgs, as shown in Figure 3.9, shows thdt p exhibits

a power law dependence on the illumination according todhewing equation:
RL/D o B (34)

In this equationE is the illumination irradiance and thepower exponent is a function

of the appliedVgs. We should note that the power exponent described in this chapter
is not directly related to the exponent used previously in section 2.3. We can describe
the dependence ¢fon Vgs, as shown in Figure 3.10, using a model developed by Harm,
Schropp, and Verwey for TFTs based on amorphous semicamdudtl, 12, 20]. This
model was formulated with the assumption that: the totakigrof states is constant
around mid-gap; there is a symmetrical overlap of donor awe@tor states around mid-
gap; the field-&ect is governed by the bulk states, as opposed to the ingestates; and
that, under illumination, the Fermi level splits into qu&srmi levels (one for holes and
one for electrons). We believe that these assumptions dréoacpecific to a-Si, the
amorphous semiconductor used by Harm, et al., thereforeawe &pplied this model to
the case of our amorphous organic semiconductor-based QR&4r illumination.

The dependence ofon Vgs, as shown in Figure 3.10, can be modeled by the following

equations:
(VGC - VGS
Yol 7
¥ (Ves) = Vec — Vrs
Yo, for Ves > Ve V (35b)
In this equationy, is a material dependent constavigs is the applied gate-to-source

) , for Vgs < Veg V (35&)

bias,Veg is the flat-band voltage (i.e., the gate voltage necessaagh@ve the flat-band
condition), and/sc is the critical gate voltage at which the drain current uniliemination
is ideally equal to the drain current in the dark (il@iyum Ipgark = 1 atVgc for the ideal

case) and is given by:
Vésemi Ging8

o (3.6)

Vac =
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Figure 3.10: Power exponept(experimental and fit using equations (3.5a) and (3.5bpusfss

In this equationegn IS the dielectric constant of the semiconducter?.6), s is the
effective dielectric constant of the insulater 2.3), di,s is the dfective thickness of the

insulator & 2700A) ands is defined as:

(2Nf
L

)3/2

B = (3.7)

wherelL is the linear slope of the localized state distribution rtbarmiddle of the sup-
posed band-gap andN2 is the total density of states at midgap. Note that this liséape

L is not related to the channel lengthused to describe the geometry of the device. In
Figure 3.10, we see that we can fit our data in the regien |[¥gs| < Vgc using equa-
tion (3.5a) withVgc equal to approximately21V. This gives & value of approximately
7.4x10°. If we assume a value of ¥&m-3eV-! for 2N; (estimated from equation (2.5)
with Nss = 0), we find thatl is equal to 1.410*'cm3eV-? from equation (3.7). From
experimental data, we estimatgto be 0.8, while the fit using equation (3.5b) givega
value of approximately 0.9. A power-law dependence on tbmihation irradiance is ex-

pected when trapping and sub-sequent de-trapping, i.dti;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 ex=tract the flat-band
voltage YVgg) of the OFETs from Figure 3.10. Since the density of holeshim ¢han-
nel does not increase for applied gate biases from the ftad-baltage to more positive
voltages and the source and drain electrodes block electmming from the conduction
band (i.e., lowest unoccupied molecular orbital, or LUM@el, the ratio of drain current
under illumination over drain current in the dark is consfan positive gate voltages. As
gate biases from the flat-band voltage to more negativebaseapplied, the logarithm of
the current ratio is approximately proportional to the béedding at the interface, which
is proportional toVgs — Veg. As did Schropp, et al, we assume that the illumination does
not cause a shift in the flat-band voltage, and we extract #tébénd voltage from the
crossing point of equations (3.5a) and (3.5b). We find\thg of OFETs based on F8T2
to be equal te-2.3V. According to equations (2.3a) and (2.3b), this negatalue ofVeg
is evidence of anféective charge (i.e., trapped charge) within the channekantributes
to the relatively large value of the threshold voltage oBth®FETSs.

In Figure 3.11, we present the ratio of drain current undemination to drain cur-
rent in the dark versugps at several values &fgs spanning the entire range of operating
regimes of the device. From this figure, we can see that thisisarelatively independent
of Vps, in the range of biases we have measured. The non-depenalelge shows that
this range of electric fields is substantial to aid the digg@mmn of the excitons into free
carriers.

It should be noted that the devices undergo full recoverywaitn temperature, and
relax back to their original state (i.e., OFF-state draimexnt, threshold voltage, and sub-
threshold swing values equal to pre-illumination valuésrahe illumination is removed.

This dfect can be seen in Figure 3.5 whésgny has nearly returned 16 itia . This recov-
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ery takes several minutes, in some cases, when the devicthis air at room temperature.
However, exposing the device to higher temperature or ithation at longer wavelengths

(i.e., red to infrared) can accelerate the recovery pro@igs

3.2 Hfects of monochromatic illumination

3.2.1 Experimental setup

The transfer characteristics (drain current versus gatotirce voltagdp — Vgs) and
output characteristics (drain current versus drain-tar@®voltagelp — Vps) of the OFET
were measured in the dark and under various levels of moapowitic illumination at
room temperature using a Karl Suss PM8 probe station and @i%@semiconductor
parameter analyzer (using medium integration) contrdsiethteractive Characterization
Software (Metrics). A 200W mercury xenon (HgXe) arc lampiéDmstruments) was
used as the illumination source. The incident wavelengthiaadiance (or optical flux)
from the HgXe lamp were controlled, using optical interfere filters (FWHM< 10nm)

and neutral density filters, to provide wavelengths from.836 690.7nm and irradiance
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levels up to approximately 3@V/cn¥ at the surface of the polymer film. After being op-
tically filtered, the light passed through a fiber optic cadel a Mitutoyo microscope,
which was used to focus the illumination to a spot size cedt@n the channel of the
device, illuminating the entire channel. The irradiance weeasured, at the same location
where the device is placed in the light spot, using an Intesnal Light Si photodetector
(SHDO033) with a flat response filter and fiber optic probe ceotetkto an International
Light research radiometer (IL1700). All measurements vpendormed in ambient air at
room temperature and we did not observe any dependence déttee performance on
room humidity.

It is well known that the electrical characteristics of OFREEXhibit shifts due to mea-
surement (from the application of biases) and other stsdsseh as illumination) [21,22].
We have observed that the shifts in the electrical charnatits due to illumination are
much more significant than the shifts due to repeated (iaek40-back) measurement in
the dark. To compensate for these shifts, while allowingdkgeeriments to be carried
out in a reasonable manner, we annealed the devices betvesmurament sets (15min at
90°C in a vacuum oven). The measurement sequence we have usslioas. We an-
nealed the device as described above. Then we measuredkheathsfer characteristics.
The illumination was then switched on and within a few se&ptige illuminated transfer
characteristics were measured. This was followed by anatireeal, measurement in the
dark, measurement under illumination and so on. Therefloeesalculated parameters (see
following sections) were found by using the illuminated i@d@eristics compared to the
immediately proceeding dark characteristics, with no ating step between. The anneal-
ing procedure removed the shifts caused by measurementamaation and allowed the
device (and its electrical characteristics) to return ®dhiginal state (i.e., similar OFF-

state drain current, threshold voltage and subthreshofge¥lbefore proceeding with the
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next measurement set, thereby providing more reliabldtsestihough the perturbation
of the devices can be fully removed at room temperature,lévated temperature signifi-
cantly speeds up the recovery.

The data presented in this section was taken from two randohdsen devices, one
for the measurements usingigrent wavelengths of incident illumination and one for dif-
ferent levels of irradiance. We have observed simiffgats for all devices tested, and the
device-to-device reproducibility is acceptable, givea turrent status of organic-based
electronics. In several of the following plots, the dataassyg. We believe the noise is
mainly due to the small signal amplitudes (or division by Brsignals for the case of the
calculated parameters). The trends in the data presentechhee been observed for all

devices tested under these measurement conditions.

3.2.2 Device under illumination

As noted above, we have observed very stroffigots of steady-state, broadband illu-
mination on the electrical performance of a-Si:H TFTs [18§l OFETs based on F8T2
[16, 23]. In this section, we examine th&exts of illumination in more detail by explor-
ing the response of the OFETs to monochromatic illuminaéibdifferent wavelengths
and irradiance levels. In Figure 3.12, we present the tlotdsloltage normalized trans-
fer characteristics (drain current versus gate-to-sovottage - threshold voltagép vs.
Ves — V1). We plot the transfer characteristics in this manner ireoitd demonstrate
that the major fects of the illumination are a reduction of the thresholdagd and an
increase in the OFF-state drain current, while the figfde2 mobility and subthreshold
slope retain their same value as in the dark. More detailheset &ects, as well as the
dependence on incident photon energy and irradiance aressisd in the following sec-

tions.
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For the case of our devices, the most likely carrier geramgprocess is through
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Figure 3.12: Threshold voltage-normalized transfer attarestics of OFET illuminated at fier-
ent wavelengthishoton energies, measured with a constant optical flux »f163
photongcn?sec. The straight lines are fits using equations (2.2) add. (2.

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

an exciton (i.e., a bound electron-hole pair). The excitmntdifuses to a dissociation

site (i.e., defect, impurity, or surface state) and dissesi into a free electron and hole.

Once generated, these free charge carriers move undefltrenite of the applied electric

fields (from the applied/ps andVgs) and in opposite directions through the channel of

the OFET. Many of the electrons are trapped into, and nézgrpbsitively charged traps

(Ny) that contribute to the large negative threshold voltagergby reducing the threshold

voltage. The photogenerated holes are collected at the eledgtrode (by the correspond-

ing transfer of an electron from the drain electrode intovlence band of the polymer).

The drain current in the OFF-state is significantly increlasehile a smaller increase in

the drain current in the strong accumulation regime is olegkerThe significant increase

of drain current in the OFF-state, when the device is untlemihation, can be attributed

to the enhancement of the carrier density in, and therefedonductivity of, the chan-
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nel of the device due to the photogeneration and dissoniafi@xcitons in the polymer.
When the device is operated in the strong accumulation regine relative ffect of the
illumination on the drain current is much smaller comparetht dfect in the OFF-state.
This can be explained by the overwhelmirfteet of the gate voltage on the concentration
of accumulated carriers in the channel of the device, ataeld of illumination used in
this study.

3.2.3 Experimental results and analysis

Dependence on photon energy

The response of the OFETs to monochromatic illuminationldeses investigated by
measuring the transfer characteristics of a device in theatad under monochromatic il-
lumination at various wavelengths. Figure 3.12 shows tiesli regime, threshold voltage-
normalized, transfer characteristics of an OFET in the @ illuminated at 7 wave-
lengths from 435.8 to 690.7nm with a constant optical flux ppraximately %10
photongcn?sec incident on the surface of the polymer film. In Figure ®@,show the
OFF-state drain current (extracted from Figure 3.12) alii the absorption spectrum
of the F8T2 polymer film. From this figure, we can see that lighh energy less than
2.4eV (corresponding to the optical gap of the F8T2 films wedliss weakly absorbed
and has little &ect on the transfer characteristics, while light with higlkeergy (from 2.4
to 2.8eV) is strongly absorbed, generating more excitams tlaerefore has a much larger
effect. Further evidence to support this explanation is fouhdmwe plot the number of
absorbed photons versus the energy of the photons as inreR3g2ir The total number of
absorbed photons was approximated using the incident plilotq absorption cd@cient
(taken from Figure 3.2), theffective area of the devic&\(x L), and the thickness of the
polymer.

The dependence of the change in threshold voltage (extrécien the linear regime
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transfer characteristics shown in Figure 3.12 using equod®.2)) on the energy of the
incident photons is shown in Figure 3.13. We can see thathihage in threshold volt-
age is significantly larger for the strongly absorbed ligthjle little change is observed
for light which is weakly absorbed. As explained above, sahée photogenerated
electrons become trapped by and compensate positivelgatharapsNr, reducing the
threshold voltage, as we have observed for strongly abddidie and as shown in Figure
3.13 AVt = Vrtiium — V1dark, therefore a positivaVr corresponds to a reduction of the
threshold voltage) N can be estimated from the threshold voltage to be approgignat
107cm3. The change in threshold voltage of 4V, corresponds to agenarNy, ANy, of
approximately 1&cm=. Further evidence that charge carrier trapping is takimgels
provided by the fact that, after illumination, we are ablétmg the devices back to their
original state (i.e., the transfer characteristics shaftkbto the original state) by annealing
the devices at elevated temperature. The trapped eledrerdetrapped faster at higher
temperatures, causing the neutralized traps to becomtvebscharged, thereby shifting
the threshold voltage to its uncompensated value.

The subthreshold swing is noffacted by the illumination, as can be seen in Figure
3.12, where the subthreshold swings are equal for all of laeacteristics in the dark and
under illumination (note the slope of the line labeled (J)nce the subthreshold swing
can be related to the density of states (both bulk statesrdaddce states) as shown in
equation (2.5), and since the subthreshold swing is fietted by the illumination, we
conclude that the illumination does ndfect the density of states of the polymer. Addi-
tionally, the field-&ect mobility of the accumulated holes is néitezted by the illumina-
tion, as can be seen from Figure 3.12 (note the slope of teddiveled (2)). This shows
that the light has negligiblefiect on the electronic properties of the polymer film. Also,

since the field-#ect mobility is unchanged in these measurements, we coathal the
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observed changes in the electrical characteristics ara regult of heatingféects in the
polymer.

It is important to note that the majoiffect of illumination on these devices is the
generation of excitons, and subsequently free electrotiéales in the polymer. Photons
with lower energy can still be absorbed in the polymer (dlaea much lower rate than the
high energy photons), thereby creating excitons, and nguke é€fects we have described
above, but to a much smaller degree as compared tdfibet®caused by the strongly ab-
sorbed photons.

A useful figure merit of a photodetector is the responsiviRyn( A/W) of the device,
which is a measure of the photo-induced signal of the devoogpared to the input power
from the source being detected and has already been defirgghation (3.1). A plot of
Rversus gate bias for filerent wavelengths of incident illumination and a ploRofersus
photon energy for dierent gate biases are shown in Figure 3.14 and Figure 3dfiece
tively.

From these figures, we see that the responsivity increastseatevice is biased
into the strong accumulation regime and illuminated byrgifp absorbed illumination.
In fact, we observe a responsivity greater than\l¥Aor devices used under these con-
ditions, which is comparable to the responsivities of ottegrorted organic photodetec-
tors [14,15, 24, 25]. For the case of the dependence on theipkaergy, shown in Figure
3.15, the higher energy photons, which are strongly absiarbthe polymer, increase the
carrier densities in the polymer, as described above. Istitoeng accumulation regime,
the photogenerated holes are accumulated into the chaprieelapplied gate bias and
cause an increase in the drain photocurrent, which in tureesaan increase in the respon-
sivity. In the OFF-state, fewer holes are accumulated imochannel, therefore the drain

photocurrent and responsivity are observed to be lowernsojperating regime.
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Figure 3.14: ResponsivityR), photosensitivity P) and external quantumfliciency EQE) ver-
susVgs of the OFET for illumination at dferent wavelengthishoton energies with
W =56um, L =6um, andVpg =-10V.
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A second useful figure of merit is the photosensitivi®y,(or signal (photo-current) to
noise (dark-current) ratio, of the device, which was désdiwith the approximation of
equation (3.2). For the calculation Bfof our devices under monochromatic illumination,
we approximate the signal as the drain photocurrent of thmihated device and approx-
imate the noise from the drain current of the device in th&.dahe dependence of the
photosensitivity on the applied gate voltage fdfelient incident wavelengths of illumina-
tion and on the energy of the incident photons fdfatent gate biases are shown in Figure
3.14 and Figure 3.15, respectively. We observe that theogkasitivity increases as the
device is biased from the strong accumulation regime int0QRF-state and illuminated
by strongly absorbed illumination. This is the expectediteeind can be explained by
examining equation (3.2). Since the noise of this detestwglated to the dark current, we
expect the photosensitivity to be lower in the operatingmeg where the dark current is
the largest, i.e., in the strong accumulation regime, wisdhe observed result shown in
Figure 3.15. The photosensitivity is relatively indepemidaf the applied gate bias when
the device is biased in the OFF-state. For the irradianeesgalsed in this experiment, we
find a photosensitivity near 100 for a device biased in the-Ofake.

In order to evaluate the overalffeiency of the photodetector in converting an inci-
dent optical signal (photons) into an electrical signa¢¢aions and holes) and allow the
comparison of the performance to other photodetectors, amedetermine the external
guantum éiciency EQE) of the photodetector, which can be defined as [18]:

Iph/q

EQE =
Q I:)inc/hV

(3.8)

and corresponds to the ratio of collected charge carridisetaumber of incident photons.
The dependence &QE on photon energy for élierent gate biases and on gate bias for
different incident wavelengths is shown in Figure 3.14 and Ei@ut5, respectively. We

see from these figures that tB€®QE increases as the device is biased from the OFF-state
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into the strong accumulation regime and is larger for sttpa@sorbed illumination. In
fact, anEQE greater than 100% is found for a device biased in the strongraclation
regime and subjected to strongly absorbed illuminatiom.tk® case of strongly absorbed
photons, the same flux of photons is converted to a higheitgerisharge carriers inside
the polymer, and thEQE of the device is higher, as we expect. As with the responsivit
the device is expected to accumulate and collect the expbsspgenerated holes more
efficiently in the strong accumulation regime.

Several comments should be made with regards to the measot®eand calculations
performed to find th&QE (as well as the other figures of merit) of these devices. Asdot
above, under illumination, OFETs exhibit shifts in theie@tical characteristics that are
believed to be due to the increased carrier concentratios@ansequent trapping of charge
carriers. ThesefBects, which are similar to the memorffect or persistent photoconduc-
tivity which has been observed in organic materials [26;-283 not instant compared to
the timescale of the measurement and accumulate as the rexe@su proceeds. These ef-
fects are characterized by an accumulating change in thaductinity of the polymer film
as it is exposed to illumination, which persists after thenilination has been removed.
The polymer can be annealed, as described above, to fecilékaxation to the original
state, and allow better comparison of subsequent measntenhe order to overcome the
cumulative &ects described here, which build-up as the measurementgss®Es, pulsed-
gate and pulsed-illumination experiments need to be paddr

Values of responsivity and photosensitivity alone providated information about
the quality and performance of the photodetector. The Beitygiof the device can be
much more completely characterized by the combination eé¢hmeasures, as well as
another useful figure of merit, the noise-equivalent powdR in WHz°%). TheNEP is

a measure of the minimum detectable optical power or, inrotloeds, the optical power



89

required to produce a signal-to-noise ratio of unity. ThePNfan be defined as [30]:

NEP = I_N _ IN ><I:)inc

(3.9)

wherely is the noise current. For the determinationN#P, we used a calculated value
for the noise current of the device that took into considerathe shot (or generation-
recombination) noise and Johnson noise, referenced to éwhdih of 1Hz. We deter-
mined the dependence REP on applied gate bias for fierent illumination wavelengths
and incident photon energy forftBrent gate biases. TINEP remains flat, with a value of
approximately 10MWHz %5, as the device is biased from the strong accumulation regime
into the OFF-state and when illuminated by light which i®sgly absorbed. Since the
noise current is related to the drain current of the devices eéxpected to be larger in
the strong accumulation regime than in the OFF-state. Frigar& 3.14, we see that the
responsivity of the devices shows a similar variation. Téwult is anNEP that has little
variation on the applied gate bias. TN&EP is reduced for higher energy photons, since
the noise current remains the same but the responsivitgtieased for the higher energy
photons, as described above.

In general, we humans do not like to connect a decreasing eutolan increase in de-
vice performance. In contrast, we would rather conneceased performance of a device
to an increasing number, therefore, we can define the speefectivity O*) for these

devices as [30]:

*

_ VAYAT

whereA is the dfective area of the device anidf is the referenced bandwidtkTHz ).
For an incident wavelength of 500nm, we find the specific deigcof a device (in both

the OFF-state and ON-state) to be approximatedy@®@! cmHZASW1,



90

Dependence on irradiance

To investigate theféects of monochromatic illumination further, we again meadu
the transfer characteristics of an OFET under illuminatba wavelength of 460nm, at
different levels of irradiance. This type of experiment allowsdo explore the depen-
dence on the number of absorbed photons, since at largdiaince levels, it is expected
that more photons are absorbed in the polymer film. Thesdtseme shown in Figure
3.16, where we plot the threshold-voltage normalized diirregime transfer characteris-
tics. We chose to use 460nm because it lies in the absorptiak @f F8T2, and allowed
a larger range of incident, and therefore absorbed, ofiical We can see, from Fig-
ure 3.16, that thefects of the illumination increase (i.e., the OFF-staterdrirrent
increases and the threshold voltage is reduced) as théinaalis increased, similar to the
effects of broadband illumination [23]. This is the expectédda, since as the irradiance
is increased, the polymer film is exposed to a higher flux oftms, thereby generating
more charge carriers. The increased number of electrorsesaugreater reduction of the
threshold voltage, by the neutralization of the positivaigarged traps, while the increased
number of holes causes the channel to have a higher conitiuctind, again, we see that
the field-éfect mobility and subthreshold swing are néfieated by the illumination and
have no dependence on the incident irradiance as can beatkftom Figure 3.16 (note
the slopes of the lines labeled (2) and (3)). The dependehtteeahange in threshold
voltage, ON-state and OFF-state drain currents, and nuoflaysorbed photons on the
incident irradiance are shown in Figure 3.17. Note that gemehmeter plotted in Figure
3.17 has a linear relationship with the number of incidemtphs and, assuming that the
absorption cofficient is not strongly dependent on the incident photon fluthenrange
we use here, this is evidence that the obserfBgtes described above are related to the

number of absorbed photons.
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In Figure 3.18, we plot the responsivity (found using equa{3.1)) and photosen-
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Figure 3.16: Threshold voltage-normalized transfer attarastics of OFET illuminated at a wave-
length of 460nm (corresponding to maximum absorption ofAB&2 polymer film)
for different irradiance levels. The straight lines are fits usingaggns (2.2) and
(2.4).

sitivity (found using equation (3.2)) of the device as a fiumt of applied gate bias for

various irradiance levels. With the caveats stated ab@garding the memoryfiect of

illuminated organic materials, we see that the resporysigaches values greater than
1A/W in the strong accumulation regime and is reduced as theelévibiased into the

OFF-state. We can also see that the responsivity is higbe#td lower irradiance levels.

It is possible that thisféect is due to the saturation of the drain photocurrent in tfeng

accumulation regime, even at low incident irradiance kev€herefore, in the strong accu-

mulation regime, the drain current is expected to be sinidaeach irradiance level, and
the calculated responsivity is expected to be governedéyadhue of the irradiance. The
photosensitivity increases as the device is biased frorsttbag accumulation regime into

the OFF-state, is largest for the highest irradiance levsd, is relatively independent of

the applied gate bias in the OFF-state, corresponding texjplanation we have presented
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above.

Since the responsivityR) is dependent on the incident powét;,{), we expect and
observe that the measured responsivity for the case ofgdyrabsorbed illumination (i.e.
monochromatic light of the proper energy) is much largenttine case of a device illumi-
nated from a broadband source in which the majority of therlhation is not absorbed
and therefore does not contribute to the photocurrent, asrsin Figures 3.8 and 3.18.
In contrast, the photosensitivity?) is not directly normalized by incident optical power,
therefore, as shown in Figures 3.8 and 3.18, we observe thath larger incident power
of broadband illumination is necessary to produce simikatpsensitivities as that mea-
sured for a much lower incident power of monochromatic ililation.

In Figure 3.18 we also plot theQE (found using equation (3.8)) of the device as a
function of applied gate bias for various irradiance levétsom this figure, we see that
the EQE decreases as the device is biased from the strong accuomnufaggime to the
OFF-state. At larger gate biases, more of the photogenkhates are accumulated and
contribute to the drain photocurrent, therefore theiency of the device is higher in the
strong accumulation regime as compared to the OFF-statese@/&rom Figure 3.18 that
as the irradiance is increased, thOE decreases. For the case of these measurements, we
are using a constant illumination wavelength, and theesdiaronstant photon energy. With
the assumption that the absorption fmgent is not dependent on the incident irradiance,
we see from Figure 3.17 that the number of absorbed phottaiase linear relationship
with the incident irradiance. Therefore, we speculate #balhe higher irradiance values,
phenomena such as exciton-exciton annihilation and eled¢tole recombination occur,
reducing the number of photogenerated carriers that catnilcote to the drain photocur-
rent. This, in turn, reduces the external quantufitiency. We observed a nearly linear

increase ofNEP with irradiance from approximately>a0-1° to 1x10-* WHz%> over
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the range of irradiance used here, at a wavelength of 460motefses such as exciton
annihilation or carrier recombinatiortectively reduce the signal that is detected by the
device (i.e., the drain photocurrent is smaller than if rmprebination occurs). Since the
NEP is a measure of the smallest detectable optical power, itheal is reduced in the
device due to these non-idealities, tiEP is expected to increase.

Another measure, which is related to the photosensitiigtyhe ratio of total drain
current under illumination to drain current in the dark, efhis referred to as the photore-
sponse and has been defined in equation (R3)p is a useful paramater for extracting
more physical parameters from the illuminated versus die&trical characteristics of
the OFET. The dependence Bf p on gate bias and incident photon energy is similar
to that of the photosensitivity (i.e., increases from sfyascumulation to OFF-state and
for strongly absorbed illumination and is independent efdpplied gate bias in the OFF-
state). R_ p increases from nearly unity in the strong accumulationmegio approxi-
mately 75 in the OFF-state (depending on the irradiance)ldvethe OFF-state, this ratio
is relatively independent of the gate bias. In the strongredation regime, the density of
accumulated carriers is due mainly to the applied gate bg&aspposed to the illumination
(for the range of irradiance values use here). In the OFfe;dii@e photogenerated charge
carriers are the major contribution to the free carrier dgns the channel, an®_, p is
strongly dependent on the incident irradiance. Again, wee tioat the ratio exhibits a
power law dependence on the irradiance, as in equation (BMy follows from a model,
which has been developed for the photo-fieffket in amorphous semiconductor-based
TFTs [11,12,20]. The major assumptions in this model arettieatotal density of states
around mid-gap are constant, there is a symmetric overlajpodr and acceptor states
around mid-gap, and that the fieltfect is governed by the bulk states and not by the in-

terface states. It is also assumed that the Fermi levetsptid quasi-Fermi levels under
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illumination, which must be the case for spatially dependanrier generation, since the
carriers need to fluse and redistribute. These assumptions do not seem unatdasdor
organic materials, therefore, we assume this model to e feal OFETSs, and the results
are shown in Figure 3.19.

Similar to the case for broadband illumination, the dependeofy on Vgs can be de-

—e— Experimental Data
0.8+ Fit using (3.5a)

Figure 3.19:y-factor of the OFET versu¥gs for various irradiance levels at a wavelength of
460nm.

scribed using equations (3.5a), (3.5b), (3.6) and (3.7Fidmre 3.19, we see that we can
fit the data in the regioWrg < [Vgs| < Vac using equation (3.5a) witklgc equal to ap-
proximately—27V. This gives g value of approximately 9x41C°. If we assume a value
of 10%¥cm—3eVv-! for 2N; (estimated from equation (2.5) witkss = 0), we find thatL is
equal to 1.¥10?*cm3eV-2 from equation (3.7). Note that this simple calculation asss
thatNss = 0. If Nss > 0, then bothNs and L will be reduced to maintain the constant
value ofB. In the case of our devicegy from experimental data is approximately 0.6,
while the fit using equation (3.5b) giveg/avalue of approximately 0.7.

It is possible to determine the flat-band voltaygd) of the OFET from Figure 3.19
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using a method similar to that of Schropp, et al [11, 12]. Tkasity of accumulated
holes in the channel does not increase for applied gatediiesa the flat-band voltage to
more positive voltages and the source and drain electrddek blectrons coming from
the conduction band (LUMO). Therefore the ratio of drainreat under illumination over
drain current in the dark is constant for positive applietedaases. As the gate is biased
from the flat-band voltage to more negative biases, the iigarof the current ratio is
approximately proportional t¥gs — Veg. As did Schropp, et al, we assume that there is
no shift in the flat-band voltage under illumination. We extrthe flat-band voltage from
the crossing point of equations (3.5a) and (3.5b), and wetfied/rg of this device to
be equal to-12V. As stated above, this negative valuevgg is evidence of anféective
charge (i.e., trapped charge) within the channel and duri#rs to the relatively large value

of the threshold voltage of these OFETSs.

3.3 Conclusion

We have studied the electrical performance of F8T2-basddT@rinder monochro-
matic illumination, and have examined their performancelastodetectors. For these
devices, the majorfiect of the absorbed light is a significant increase in the Stake
drain current and a reduction of the threshold voltage bgsgwolts, depending on the
illumination conditions. The fieldféect mobility and subthreshold swing are néeated
by the illumination. Thesefects are explained by the photogeneration of excitons in the
polymer, which difuse and dissociate into free charge carriers. Tects on the OFF-
state drain current and threshold voltage are dependefiteowavelength and irradiance
of the incident illumination. Photons with energy below tpical-gap of the polymer are
weakly absorbed, generating few excitons, and therefore little effect on the electrical

characteristics of the OFET. Whereas, higher energy plaosmore strongly absorbed
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in the polymer, generating a higher density of excitons, @gsing larger changes in the
electrical characteristics. This explanation is confirnbgdexamining the fects of the
level of irradiance at a single photon energy on the eledtobaracteristics of the OFETS.

We have also presented the relevant photodetector figuresenf, such as the re-
sponsivity R), photosensitivity P), external quantumficiency EQE), noise-equivalent
power NEP) and specific detectivity of these devices, with typicalues greater than
1A/W, 100, 100%, less than T¥WHz°°, and approximately 210'* cmHZ25W! re-
spectively, depending on the illumination and bias conddi The dependence of these
parameters on photon energy, irradiance, and applied gggenbve also been presented
and explained. From a system point-of-view, it is generd#girable to have a detector
with the highest sensitivity. The responsivity and photssvity indicate the sensitivity
of the device, however, they do not take the noise into adcotiherefore, to be more
specific about the performance of the detector, the key figtirerit is usually quoted
as the detectivity or specific detectivity, which we haveadéed and has been related to
the noise equivalent power above. For comparison, we nateithgeneral, the inorganic
photodetector counterparts (i.e., InAs- and PbS-basetbgiwales) provide responsivity
greater than 1AV, external quantumficiency of 100%, and specific detectivity greater
than 210 cmHZ25W in the visible range of wavelengths.

We propose the use of a model developed for amorphous seduicton-based TFTs
under illumination to aid in the description of th&exts of illumination on the OFETSs.
Our results agree well with this proposed model. Using théshmod, we find a flat-band

voltage Vrg) of approximately -12V for these F8T2-based OFETSs.
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CHAPTER 4

HYSTERESIS IN THE ELECTRICAL CHARACTERISTICS OF
PF-BASED OFETS

In this section, we describe a study of measurement-indsieéts$ (hysteresis) in the
transfer characteristics and output characteristics gamc field-é¢fect transistors. We
believe that this hysteresis is related to the charge caraieping in the organic polymer, at
or near the semiconductor to gate insulator interface, aitrthgered by the accumulation
of a large density of carriers in the channel of the devicetdube applied gate bias. We
show that the hysteresis width and the corresponding heg@techarge depend strongly
on the maximum applied gate-to-source bias, but do not éhistrong dependence on
the measurement time nor the applied drain-to-sourcegmltd/e have also investigated
the dependence of the hysteresis width on temperature aii@it illumination and these

results provide further insight into this phenomenon.

4.1 Hysteresis in the electrical characteristics of OFETs
Hysteresis in the electrical transfer characteristicsrgénic devices, especially tran-
sistors, is a commonly observeffext that has been either directly or indirectly reported

by several research groups. Scheinert et al proposed thete idevices with inorganic

insulators they studied, the major cause of the hysterggisaaed to be movement of
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mobile ions (i.e., intentionally or unintentionally dopsplecies) in the polymer semicon-
ductor layer that results in a shift of the flat-band voltape?]. Klauk et al investigated
the use of a pentacene-based organic transistor with aniongaulator [3]. This device
structure provided enhanced mobility, however, it alsoilaidd a significant amount of
hysteresis, which has been attributed to the accumulafienspace charge, possibly in
the form of mobile ions, at the interface between the dieleatsulator and the organic
semiconductor. Uemura et al provided a solution to this jgrakby introducing an insula-
tor treatment based on a clay mineral that adsorbs the oty reducing the observed
hysteresis gects [4].

More recently, charge trapping in the organic semiconduateer has been introduced
as the explanation for the observed hysteresis in the gankfracteristics of pentacene-
based OFETs with untreated inorganic insulators (such@g 81,05 and LaAlG) [5, 6]
and with an organic insulator (polymer electrolyte) [7].ceet results for the case of poly-
mer semiconductors showed that the surface modification ofaganic insulator (Sig)
with octadecyltrichlorosilane (OTS) could reduce the byessis éects for devices based
on rr-P3HT, but, for the case of short channel devices, hgsite was still observed for
devices based on PQT-12 [8, 9].

Additionally, hysteresis féects in the current-voltage characteristics of various-two
and three-terminal device structures have been used torgrate devices for memory
applications [10-16]. In general, the three terminal mgnutavices utilize a polarizable
or ferroelectric gate insulator to provide the bistability

In this section, we describe a study of the hysteresis inlgwtrecal characteristics as
it pertains to a defined-gate device based on a polyfluoremetiee active layer and the

effects of the applied gate bias, measurement temperatur@eiddnt illumination.



103

4.1.1 Experimental results and analysis

Dependence on gate and drain bias

The F8T2-based OFET structures with an a-SiN:H insulatbitgsignificant hystere-
sis in their transfer characteristics. We have investijaggious circumstances thatect
the observed hysteresis.  We measured the transfer chiastacseof our devices by cy-
cling the gate-to-source voltag¥ds) and thereby taking the device from the OFF-state,
to the ON-state for various maximuigs (Vesmax), @and back to the OFF-state as shown in
Figure 4.1. We have observed an apparent shift, or hyssereshe transfer characteristics
from higher to loweNgs values. Note that, contrary to the above statement, thee@as
not annealed between measurements, which explains why ithan overall shift in the
characteristics (i.e., ideally, for devices annealed betwmeasurements, there should be
minimal residual threshold voltage shift and the OFF to SAipas of the curves would
be more closely in line, while the SA to OFF portion is expddte be shifted depending
on the maximum applied gate bias). To investigate the caiube dysteresis in the trans-
fer characteristics, we made similar measurements butd/dine gate-to-source voltage
step and hence the total measurement time, since the tingggpeis constant, as shown in
Figure 4.2(a). From these results, we observed that thetegss width does not appear
to depend on the measurement time and therefore should radtrliited to a persistent
type of device aging caused by this short range of measutaimsss. In light of recent
results presented by Salleo et al [18], it seems reasonaldadggest that the hysteresis
is caused by charge carriers (i.e., holes) that exist in@lalocalized states within the
channel region and are relatively easily removed from tlaakl once the gate bias is re-
moved. We note the fference between this mechanism and the formation of anditgpp
of holes into deep localized states that would corresporal gersistent shift, or device

aging. Theseféects are described in more detail below.
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We have observed fierent values of the shift for samples based difedent poly-

-54
< <
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Figure 4.1: Transfer characteristics (measured from OF&ttong Accumulation (SA) to OFF)
of device measured to fiierent maximumVgs (Vomax). Also shown for reference
is transfer characteristics of OFET on semilog scale. Lewesfits to equations (1)
and (2). For this device, & 16um, W = 56um and the sourg¢drain-gate overlap is
approximately am.

mers, but using the same device size and structure. Thadésriesd us to believe that

the shift is due to charge trapping in the organic polymer,fiimost likely in the channel

region near the interface with the gate insulator (a;3#)l As a qualitative measure of

the amount of hysteresis, we define the density of trappedjehhat can account for the

shift of the transfer characteristic, or hysteresis chaage
thst = Cins X AVGS (4-1)

whereCi,s is the gate insulator capacitancegdif#?) andAVgs is the hysteresis width (V)
for a constant value dfy. The value oflp was selected to ensure that th&elient val-
ues of Qs Were extracted under similar OFET operating conditiores,(at some point

in the strong accumulation regime®y,« does not necessarily have a specific physical

meaning, though it is a measure of the threshold voltage ahd this is described in
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more detail below. We can clearly see, from Figures 4.1@hat depends strongly on the
maximum gate voltage applied during the measurement of ¢hecel Therefore, when
the gate voltage is swept in the forward direction (OFFestatON-state, the first half of
our measurement), the charge accumuldtiapping and accompanying transfer charac-
teristic shifts occur gradually as the measurement pregees.e., as the magnitude of the
gate-to-source voltage is increased. Whereas, if the gdtage is swept in the reverse
direction (ON-state to OFF-state, the second half of oursmesament), the majority of
charge accumulatiginapping and the corresponding shift in the transfer charetics
occur immediately when the measurement begins (i.e., apdid of maximumVgs).
One possible explanation for this phenomenon is that themactated charge, which is
induced by and depends on the applied gate bias, is accuedutdd localized states (i.e.,
traps) in the organic semiconductor at or near the interketeseen the active organic
semiconductor layer and the gate insulator layer, theredgihg to a shift in the threshold
voltage of the transistor which is evident in the transfearelteristicsIp — Vgs) of the
device. To further investigate the hysteresis, we meashe@FF-ON-OFF transfer char-
acteristics in a back-to-back manner as shown in FigurdoX. 24 this measurement, we
observed that the second forward characteristic (OFF to i©ONQt as shifted as the first
reverse characteristic (ON to OFF). This evidence supploetexplanation of the cause of
the hysteresis as shallow, easily reversible, localiradiocharge carriers in the band-tail
states of the organic semiconductor, at or near the ineetfabiveen the organic semicon-
ductor and gate insulator layers and not persistent degitg asince the majority of the
shift is immediately reversible (i.e., the shift does natgs from one characteristic to the
next).

We have also measured the output characteridtics Vps) of our devices by cycling

the drain-to-source voltag&/s) from Vps = 0V, to Vps = Vgs (Saturation regime), and
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Figure 4.2: (a) Transfer characteristics (from OFF to ON tFDfor different total measurement
time (i.e., varying step time, with same number of steps).T¢ansfer characteristics
(from OFF to ON to OFF) measured back-to-back, with no timeydbetween mea-
surements.
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back toVps = OV. The results for measuring to a single maximyga for several values of
Vgs are shown in Figure 4.3(a). Additionally, Figure 4.3(b)widhe results for measur-
ing to a diferent maximum value dfps for a single value o¥/gs. From these figures, we
can see that there is no appreciable hysteresis in the cthpteacteristics as the drain to
source voltage is swept in the reverse and then forwardtrecwhile the gate to source
voltage is held constant. This does not contradict the idegted above concerning the
transfer characteristics. The output characteristicem@sured at a constant gate voltage;
therefore all of the charge trapping and any accompanyireskiold voltage shift occur
immediately when the measurement begins and the resuliivg does not depend on the
direction in which it is measured. More importantly, a threlsl voltage shift would not be
seen as a hysteresis in the output characterigfie Vps) curves, which would correspond
to a shift inVps, NotinVgs. It should be noted that the slight shift in the output chemas-
tic (for Vps from 0 to high V to 0) may be attributed to measurement-indub®rice aging
since the device is held at a relatively higs for an extended period of time, which may
allow a significant amount of irreversible (i.e., persistarharge trapping to take place.
These results show that further investigation of the hgsisrphenomenon should focus
on the change of the drain current with gate bias (i.e., tearcharacteristics) rather than
the change of the drain current with drain bias (i.e., outhatracteristics).

The hysteresis charge as a function of maximum applied gase taken from Figure
4.1 using equation 4.1 is presented in Figure 4.4. As notesleglihe hysteresis charge
is strongly dependent on the maximum applied gate bias agrshere. A best fit of the

experimental data shown in this figure is of the form:

Qryst = Qo + A+ Vosmx = 1.8 10°% + 1.4 x 1078002 Vesmar) (4.2)
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However, a similar, but simpler exponential form, such as:
Qryst = A~ gPVesmx = 4.9 x 1079003 Vosm) (4.3)

can provide a similar fit of the experimental data and is atemws in Figure 4.4 for ref-
erence. From these results, we observe that the hystehesigecexhibits an exponential
dependence on the applied gate bias.

To continue with this study, we have characterized tiiects of temperature and illu-

A Experimental Data

1004 — Fit to equation (4.4) 4

{1 ---- Fit to equation (4.5)

<« 804 V  =-10V
£ ]

O 60 W = 56um
LC) 7 L=16um

Ves wad (V)

Figure 4.4:Qnys as a function oVgsmax, taken from the data of Figure 4.1, with twoffdirent
exponential fits.

mination (both irradiance and wavelength) on the hystenasihe linear regime transfer

characteristics of a device. The results are presentetbelo

4.1.2 Dependence on temperature

We have previously described thexts of temperature on the electrical performance
of the F8T2-based OFETSs used in this study [19]. In Figuréad,5ve present results
obtained for a device hysteresis characteristics measweda range of temperatures.

From this figure, we can see that the most notalilece of increasing the temperature is
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an increase in the ON-state drain current, due to the theaniafation of the field-fect
mobility of the device with an activation energy of approzit@ly 0.2eV. The OFF-state
drain current was observed to be thermally activated withmala activation energy, as
well and it is important to note that the threshold voltagalafse devcies exhibit little
dependence on the temperature. Additionally, while thespdte drain current increases
with temperature, the hysteresis charge shows almost nméheependence as shown in
Figure 4.5(c). Since it is apparent that the majdee of temperature is on the transport
of carriers within the channel and not necessarily on thellefzaccumulation of carriers
in the channel, these results are further evidence thatrtfwaiat of hysteresis is mostly

dependent on the level of charge carrier accumulation.

4.1.3 Dependence on illumination

Earlier, we described thefects of broadband and monochromatic illumination on the
electrical performance of OFETs [20, 21]. In Figures 4.&(adl 4.8(a), we present the
transfer characteristics, exhibiting hysteresis, forickes measured under various wave-
lengths of illumination and various levels of irradiancestongly absorbed illumination,
respectively. From these plots, we see that the hysterbarge exhibits an appreciable
dependence on both the wavelength and the irradiance afi¢ident illumination.

Since we expect strongly absorbed light to generate momgeltarriers in the chan-
nel than weakly absorbed illumination, and since the hgsisicharge is dependent on the
level of charge density in the channel, we expect (and ob3¢nat the hysteresis charge
follows the absorption cdicient curve as shown in Figure 4.6(b). Additionally, as show
in Figure 4.7(a), we see that the hysteresis exhibits afidependence on the absorption

codficient. Furthermore, we can estimate the number of absoitetips from:

Nabs = Ninc (1 - e_a.d) “A-t (4.4)
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wherea is the absorption cdicient of the polymer layer for the incident wavelength of
the illumination (cm?) , Ni, is the incident flux of the monochromatic illumination pho-
tons (#cn¥s) , tis the time required to complete the measurement (s)l &1the thickness
of the polymer layer (cm). When the data are presented agur€i.7(b), the hysteresis
charge shows a linear dependence on the number of absorbtshphThere is no observ-
able dependence on film thickness, within the range of tleskas we have used here.
The hysteresis charge, taken from Figure 4.8(a), is showsusdhe irradiance level
of 460nm illumination in Figure 4.8(b). We chose 460nm siitae within the range of
strongly absorbed wavelengths. Since we expect that tiehigadiance should increase
the charge carrier density in the channel due to a higheitgeiphotogenerated carriers
and since the hysteresis charge is dependent on the levalmdrcdensity in the chan-
nel, the observed result of increasing hysteresis chargfeimgreasing irradiance is the

expected result.

4.2 Reduction of hysteresis

It has been observed that the hysteresis of similar devae$e reduced through the
use of an organic insulator with a low dielectric consta@{[2s well as through the use of
inorganic insulators [6]. Veres, et al., have proposedtiti@atocalization of charge carriers
in the vicinity of the channel region, which can lead to theetved hysteresis, can be en-
hanced by the increased energetic disorder and broadehthg eemiconductor density
of states due to dipolar disordeffects from an insulator with inherent polarization [22].
In other words, polarization at the surface of the insulatoreases the (already present)
energetic disorder within the organic semiconductor, tieainterface, which leads to in-

creased hysteresis. The use of insulators with low surfataipation (whether it is an
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organic or inorganic insulator) is therefore expected tovak reduction of the hystere-
sis. We have observed that the hysteresis can be signifiaaatliced, if not eliminated
through the use of a low temperature thermally cross-litkkalganic gate insulator. This
material can be cross-linked at temperatures as low a¥C1@@d possesses a relative di-
electric constant of approximately 3.7. The transfer ottarsstics of two devices, one
with only a thermally grown silicon oxide layer and one wiimaar structure but with
the addition of a thin layer of Merck gate insulator (betwésmsilicon oxide and F8T2),
are presented in Figure 4.9. Each device uses the heavigdd8psubstrate as the un-
patterned gate electrode and thermally evaporated Auligigated top source and drain
contacts.

These devices did exhibit a significant amount of gate leakadnich was similar
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Figure 4.9: Linear regime transfer characteristics for tlevices. Black circles are for a device
using only SiQ as a gate insulator and blue triangles are for a device watladlition
of an organic insulator between the Si@nd F8T2.

for each device, even with the addition of the organic insulaThe figure that is more

important than the actual value of the gate leakage is the o&tlesired drain current to

undesired gate leakage current, which can be thought of emlaksignal to noise ratio.



117

For F8T2 devices with un-patterned gate electrodes, wethatehe gate leakage current
is of the same magnitude as the drain current, digtts the measurement of the drain cur-
rent at high gate-to-source biases (above approximatBly hzre). However, despite this
non-ideality, we can see from the figure above that the amddf the Merck insulator re-
duces the hysteresis to well below our measurement unceemfor gate voltage sweeps
from OFF-ON-OFF. Additionally, note the linearity of thedar curve for the device with
organic insulator compared to that for the device withoetdlganic insulator. When the
curves in Figure 4.9 are corrected by normalizing with cépace (as shown in Figures
4.10(a) and 4.10(b), we find that the fielffext mobility is the same for each device, but
the threshold gate charge is significantly reduced for thwécdewith the organic insula-
tor interlayer. The subthreshold swings of the deviceseftdkom the charge-normalized
plots) show that the modified device turns on faster with gherge. We also note that
the normalization has ndtect on the observed (and extracted) hysteresis of each.curve
These results demonstrate that the reduction of chargeitigflocalization) at the active
layergate insulator interface, through the use of an organic {leeravise low) inter-
layer, has a profoundiect on the electrical performance of the device by elimimgathe

hysteresis and reducing the threshold charge as well asititlereshold swing.

4.3 Conclusion

All of these results support the idea that the hysteresiggehia dependent on the den-
sity of charge carriers in the channel. Additionally, it epps that the hysteresis may be
tied to or result in a gate-bias-dependent threshold veltagpich is thought to arise from
charges being trapped into surface statsrfacial traps. For example, as we bias the de-
vice from OFF to SA, charge carriers gradually fill up surfataes causing a gradual shift

in the threshold voltage. However, as we bias the device Bénmo OFF, we expect most
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of the change in threshold voltage (charge trapping inttasarstateinterfacial traps) to
occur near the beginning of the measurement causing thevelolseehavior for the mea-
surement in this direction. As we continue to move towards@fF-state, the charges
maymay not begin to be (slowly) liberated from these statess Ta possible explana-
tion for the diferent threshold voltages observed for measurements froft®@BA and
SA to OFF, as well as the non-ideal curvature of the measurefreen OFF to SA.

We have studied the hysteresis in the electrical charatteyiof our organic field-
effect transistors. While we observe significant hysteresthéntransfer characteristics,
we see no appreciable hysteresis in the output charaatsristVe have shown that the
hysteresis width, which can be related to a hysteresis ehalgpends strongly on the
maximum gate-to-source voltage used, but not on either th@sarement time nor the
drain-to-source voltage. This leads us to believe that yisécnesis is related to the charge
carrier trapping in the organic polymer, at or near the oiggaamiconductoy gate insu-
lator interface, which is triggered by the accumulation tdrge density of carriers in the
polymer channel of the device.

Finally, we note that the hysteresis in the transfer charatics of the F8T2-based de-
vices is eliminated by the use of an organic insulator laydwken the inorganic insulator
and the active layer. This interlaydtectively reduces the threshold gate charge (related to
the threshold voltage of the device) and reduces the gaterelmormalized subthreshold

swing, while the field-&ect 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 deviage expected to change over
the lifetime of the device, resulting in a degradation of ¢hectrical performance of the
device. It is important to minimize the device instability,facilitate the development of
reliable devices and applications. In order to develop sbtavices that exhibit the small-
est degradation over time, there is a need to investigatefiibets of and understand the
cause of the device degradation.

In this chapter, we describe the study of the instabilitit©BETs. The instability
mechanisms are investigated through the means of biasstamape stress (BTS) experi-
ments, in which the device is subjected to a specified gatefbiaa specified amount of
time and at a specified temperature. We present the resullte adfect of stress time,

stress bias and stress temperature.

5.1 Bias -temperature stress of OFETs

It has been observed by many authors that the electricabnpesihce of this class of
devices can change significantly with time due to the elealtinstabilities of the de-

vices [1-6]. The electrical stability of OFETs is an impaotttéactor regardless of which
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application is considered. For example, in active matrikgknel display addressing, a
threshold voltage shift of the OFET could result in a redutof the pixel luminance un-
less it is compensated by the use of specific pixel electrodeits.

In this section, we present the results of our study of thetedally- and thermally-
induced instabilities of a polymer-based OFET through #eaf accumulation (i.e., neg-
ative) bias-temperature stress [7,8]. For the case of iveda€C BTS over long time scales
(10*sec), we have used both interrupted and non-interruptesisstinethods measured over
a range of temperatures (293K T4 < 353K). The major observabldfect is a shift of
the threshold voltage to more negative values as the simassaccumulates, causing a
decrease in the drain current at a specific applied gate dias. observed dependence
on stress temperature is analyzed in terms of the kinetitiseo$tress mechanism. This
analysis is performed by unifying the threshold voltagdtshirves through either the nor-
malization of the accumulated stress time by a thermallivatetd time constant for the
stress or by using a thermalization energy. The observedhiess fects are reversible at
room temperature in the dark. However, recovery of the deM@ccelerated at elevated
temperatures and by illumination with strongly absorbéamination, as has been ob-
served by others [5], indicating charge trapgdegtrapping as the general strgssovery

mechanism.

5.1.1 Experimental methods

The bias temperature stress experiments and transferctéiasdics measurements
(drain current versus gate-to-source voltdge; Vgs) of the OFET were performed in the
dark, at various temperatures using a Karl Suss PM8 probierstand an HP4156 semi-
conductor parameter analyzer controlled by Interactivar&tterization Software (Met-

rics). The transfer characteristic measurements perfrimehis study were measured
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from the strong accumulation (i.e., ON-state) to the OFftesto provide the most reliable
and repeatable results. A Signatone QuietTemp temperatateoller and hot-chuck were
used to control the temperature of the devices between 288I1833K. All measurements
were performed in ambient atmosphere.

5.1.2 Experimental results and analysis

DCBTS

Conventional bias temperature stress (BTS) experimentstheen performed, in which
the device is subjected to a constant (DC) gate bias for aagitress time, at a given stress
temperature. At several pre-selected times, the streateisupted and the linear regime
transfer characteristics are measured, followed by théragation of the electrical stress.
Transfer characteristics obtained after such a stres®at temperature are shown in Fig-
ure 5.1. We can clearly see in Figure 5.1 that a negative éiceumulation) BTS, during
which the device is biased in the accumulation regime, hasyalarge &ect on the thresh-
old voltage but does not significantlyfect the field-&ect mobility or subthreshold swing
as shown in Figure 5.2. This is consistent with BTS experisiparformed on inorganic
devices, as well as other organic devices [2, 6, 8-14].

On the other hand, after a positive (i.e., depletion) BT $induwhich the device is in
the OFF-state, the electrical characteristics becomeadedr(threshold voltage shifts and
subthreshold swing increases) for accumulated stress timéo approximately 1000 sec
, as shown in Figure 5.3. However, as we can see in Figure $t#geastress is continued
to longer accumulated stress times, the device appeargitotoereturn to the normal, un-
stressed state. The threshold voltage and subthreshald seturn to pre-stressed values.
One possible explanation for this observation is that thesstwe are observing is due to
the measurement of the device when the stress is interraptkts not necessarily due to

the applied positive gate bias.
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Figure 5.1: Typical linear regime transfer charactersstaken before and between bias stressing
episodesAVr is defined in this plot as the voltage shift between the etd¢dhthreshold
voltage before stressing and after stressing to a certam ti

We should note that, in both cases, the electrical perfocenahthe device is restored
after relaxation. In this study, we have focused on the megalectrical stress experi-
ments. More precisely, we have investigated the depend#ribe threshold voltage shift
obtained after negative bias temperature stress with thessparameters, i.e., stress time,
stress voltage and stress temperature and relate thesresdite distribution of trapped

charge carriers with energy. The threshold voltage shdefined as:

AV7(ts) = Vr(ts) — V7 (0) (5.1)

whereVr (t) is the threshold voltage extracted from the transfer attarstics of the OFET
in the linear regime at the accumulated stress time t. Itlshb@ noted that this value
of AVy is similar to the voltage shift obtained by looking at a canstcurrent in the
subthreshold regime of the transfer characteristics. We baserved that the threshold
voltage shift versus accumulated stress time curves cabliethie following stretched ex-

ponential equation, based on the analysis developed forgros semiconductor-based
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extracted threshold voltage before stressing and afessihg to a certain time.

TFTs [10,15-17];

AV;| = B - (1 - e-(%)ﬁ) (5.2)
whereB, B andr are fitting parameters that can depend on the stress voltabsteess
temperature. In other amorphous semiconductor-based, BA$sstrongly dependent on
the stress voltage and has often been expressed by one ofltvarig equations:

B = (Vst — V1) (5.3a)
B oc (Vst — V1i)* (5.3b)
wherea is a parameter associated with the density of states of tinedayer semicon-

ductor. For low temperature values (i.€84 < 350K), the fitting parametes increases

linearly with the stress temperature [10]:

B=Ts«/Ts = Bo (5.4)

wheregs, andT; are material-dependent parameters.

Figure 5.5a shows our experimental data obtained for OFEbgested to dierent
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BTS conditions and the corresponding fits to equation (5/2. have obtained very ac-
ceptable fits using this equation for a significant range m&sst voltages and stress tem-
peratures.

We have also investigated thffect of the stress voltage and stress temperature on the
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Figure 5.5: (a) Threshold voltage shift versus accumulateelss time for same OFET stressed
at different stress temperatures. (b) Derivative of stretchedrexgtial curves as a
function of accumulated stress time, showing piedlection point times.

three fitting parameters and find similar dependencies asiled by the equations above.

The parametes is roughly independent of the stress voltage and, similéinéccase for

BTS of other amorphous semiconductor-based TFTs (i.e:FaI%Ts) 8 exhibits a slight

increase with increasing temperature as shown in FigurglB]6 For stress temperature

values higher than approximately 350K, we have observeteaturates. As shown in

Figure 5.6, the parameterdecreases, exhibiting a power law dependence, with thesstre

voltage. In additiont has been shown to be activated in temperature with an aotive-

ergy E, that is associated with the barrier energy that the camiees! to overcome before
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they become trapped [6, 13, 22]. TBgarameter does not appear to depend strongly on
stresgmeasurement temperature, but is strongly dependent opphie@stress bias. This
is reasonable sind® describes the saturation value of the shift of the thresholidge.

Fitting the data of Figure 5.5(a)a with the stretched exptineequation gives a
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Figure 5.6:8 andr (taken from the stretched exponential fits) as a functiorwigerature.

smoother set of data for which we take the derivative to getithe to the inflection point

(tpeak)- In other words, we calculate:

d(|AV7])
d (logt)

(5.5)
and plot this as a function of accumulated stress time as shovrigure 5.5(b). We
observed that the peak timigy and ther parameter from the stretched exponential fits,
shown in Figure 5.7, are both activated with temperaturés ifiakes physical sense, since

we expect that the bias-stress will occur faster at elevigegberature. The activation

energy of the peak time is approximately 0.2eV, and was fdrord:
tpeak = Lo - €50/KTs = o1 . gFe/kTa (5.6)

Additionally, a value ot, of approximately 0.4s corresponding to a valuepdf 2.5Hz is
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Figure 5.7: Arrhenius plot of pedhkflection time constant antd

found. AnE, of approximately ®eV has also been observed for the fietteet mobility
of F8T2-based OFETs. We expect that this energy correspgoraisharge trapping state
around 0.2eV above the valence band and this is describedra detail below.

In Figure 5.8, we plot the threshold voltage shift as a fuorctof the normalized ac-
cumulated stress time (i.dy = tg/tpe). From this figure, we see that all of the curves
unify. This result is evidence that the stress mechanisnmigdas throughout this range
of temperatures and the observeffetiences caused byftérent stress temperatures arise
from the kinetics of the mechanism.

Alternatively, as shown in Figure5.9(a), we can plot theesiiold voltage shift as a

function of the thermalization energy, which is defined as:
ESt = kT5t|n (V : tst) (57)

whereTyg is the temperature at which the BTS was performeid,the attempt-to-escape
frequency andy is the accumulated stress time. The value whs chosen to give the best
overlap of the curves, and can also be estimated from thdiequabove using,. Here,

we usev = 10Hz, a relatively slow frequency, possibly demonstrating that physical
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Figure 5.8: Threshold voltage shift versus normalizedssttene for BTS at dferent stress tem-
peratures.

mechanism responsible for the threshold voltage shiftas/gl.e., slow charge carrier
movement as they are trapped and de-trapped).

A plot of the derivative of the stretched exponential fit @gwersus stress energy
as defined above (using= 10H2) is shown in Figure 5.9(b). According to Jackson , et
al., [9, 16] the threshold voltage shift is related to theedédensity (or, for the current

case, trapped charge carriers) through the relation:
Ci
N (t) - N(0) = AN = o [Vr (1) - V7 (0)] (5.8)

whereC; is the insulator capacitance ahds the accumulation layer thickness. Or stated

another way [16, 19]:

€o€ins

qdins

AND o AVT (59)

These results state that the threshold voltage shift isttijrproportional to the change in
defect (trapped charge) density. Therefore to get the plova in Figure 5.9b, we used

the same value of the derivative as before, but plotted tteeataa function of energy. This
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Figure 5.9: (a) Threshold voltage shift versus stress enfengBTS different temperatures. (b)
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ization energy.

gives us a measure of the distribution of trapped chargécamwith energy, i.e.,:

dN d(AVrl)

dE * d(logp) (5.10)

Interestingly, we also see that the curves appear to rea@xamm value around 0.25eV,
which is near the activation energy of the time constants,aayain, is expected to corre-
spond to a charge trapping state at this energy above theceatand.

As noted above, we also observe a complete removal of thestvess ffects at room
temperature and in the dark. However, recovery of the dasioeuch faster at elevated
temperatures and with strongly absorbed illumination,asskieen observed by others [5].
These results are indicative of charge trapgdeetrapping as the general streesovery
mechanism, though the exact physical nature of the chaagpitrg state is still under

investigation.



134

AC BTS

The majority of bias stress studies on organic-based stosifound in the literature
are for DC bias stress [1-4, 6, 18, 20, 21]. In this section keegnt our study of theffect
of a pulsed (AC) bias stress signal applied to the gate and taminals and describe the
observed ffects on the electrical instabilities of OFETs based on amehc semiconduc-
tor. We have investigated théfects of AC BTS in both the accumulation and depletion
regimes over a range of pulse frequencies and duty cycleadmcase, the observeteet
is a threshold voltage shift, while the fieldfect mobility remains constant. In general,
and as discussed in the previous section on DC BTS, the bessshduced instabilities
in organic semiconductors has been explained by the trgpficharge carriers in trap
states within the organic semiconductor.

We have performed AC BTS for both the accumulation statedtnagy AC BTS) and
depletion state (positive AC BTS) of F8T2-based OFETs. Res¢ stress measurements,
the gate and drain were pulsed at a certain predetermingdeiney between OHz (DC)
and 100Hz and a certain duty cycle between 100% and 1%, Wigledurce was held con-
stant as the common electrode. For the negative AC BTS, tleeefectrode was pulsed
with Vgs = Vst = -30V and for the positive AC BTS, the gate electrode was pingi¢h
Vas = Vst = +30V. For each stress, the drain was pulsed Wik = -10V at the same fre-
guency and duty cycle. A schematic of the gate-to-sourcedaaid-to-source bias stress
signals is presented in Figure 5.10. The stress was intedud certain times to allow
the measurement of and the observation of the progressitredinear regime transfer
characteristic, as shown in Figure 5.11. Conventional B{fg&2ements performed in this
manner allow the extraction and determination of the evatubf the threshold voltage,
field-effect mobility and subthreshold swing as the bias stress pssgs.

In general, as presented in Figure 5.11, the mafiace of the AC BTS is a con-
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Figure 5.10: Schematic diagram of gate and drain bias pudsals used in this work. Note that
the dashed line corresponds to the drain-to-source biae mignal, the solid line
corresponds to the gate-to-source bias pulse signaVaad= Ves = 0 between
pulses.
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well as for AC BTS measurements performed at a duty cycle d¥5& other fre-
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tinuous threshold voltage shift as the stress progressagaisto the case of DC BTS.
The field-défect mobility remains constant throughout the duration efdtress and is not
significantly dfected by the negative (nor negative) AC BTS as shown in Fi§uta.
From Figure 5.11, we see that the subthreshold swing dexsd¢amproves) as the stress
progresses. A reasonable explanation for this observaitimat as the AC bias-stress
progresses, trap states near the Fermi level in the F8T2vieefibed, allowing the device
to turn on “faster” with gate bias below threshold, althowghdid not observe this same
feature for the case of DC BTS presented above.

In Figure 5.13, we present the variation of the thresholtiga shift with the fective

accumulated stress time. Here, we define the thresholdyeottaift as:

AV (ts) = Vr(ts) — V1 (0) (5.11)

and the fective accumulated stress time is defined as:

ter = tg - 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/ pul se period (5.13)

and the pulse width and pulse period are defined as in Figdfe %Ve see from Figure

5.13(a) that, for the range of pulse frequencies used, guegative AC BTS the threshold
voltage shift is relatively independent of the pulse fregryeand gives similar results to
that found for the negative DC BTS. For the positive AC BTS, atserve that, for this

device, there is a small negative threshold voltage shiitivimaximizes relatively quickly

(compared to the negative BTS case). It also appears thatgdiunther stressing, the
threshold voltage shift begins to swing back towards a pesthreshold voltage shift.

For the range of pulse frequencies used here, the thresbltétye shift does not seem to
exhibit any discernable dependence on the pulse frequency.

We present the evolution of the threshold voltage shift witbumulated stress time
for the case of negative AC bias stress signals, performedeasame frequency with
different duty cycles, in Figure 5.13(b). As plotted in this fegut is difficult to detect any
trend in the results. However, when the threshold voltagfe istplotted versus the total
time (i.e., real time, not normalized with the duty cycley jmFigure 5.14, we see that the
bias stressféects exhibit a dependence on the total amount of stress time.

We have fit the data of Figure 5.14 to the stretched exporeufigtion (5.2), based on
the analysis developed for amorphous semiconductor-bES€&d and described in detail
above. For the data of Figure 5.14, we find value$Bhfs, andr to be approximately
15.3V, 0.46 and 874sec, respectively.

The observed dependence of the threshold voltage shifteotothl stress time is an
interesting result which goes against the expected resaitthe threshold voltage shift
should only depend on the actual time the gate bias is beipljedp(i.e.,ters). These

results can be compared to the results found for poly(treaphtransistors by Salleo , et
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Figure 5.13: (a) Threshold voltage shift for negative AQd#I symbols) and positive AC (open
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versus fective accumulated stress time for BTS performed using gerahgate bias
stress pulse signal duty cycles.

al., in which there exists a residual (or, in the words of ththar, “irreversible”) stress
effect after the stress bias is removed and the device is alltawwesttover unperturbed for
several hours [22]. For the present case, however, thidualsstress is observed during the
bias stress, because the device is apparently unable teretharing the “OFF” portion of
the bias stress signal. Even more, the device appears tmgend be stressed during the
"OFF"-time. A possible explanation for thigfect is that the carriers remain in the channel
of the device, even after the gate-to-source bias has bewvesl (i.e., the "OFF” portion
of the gate bias pulse signal). This can be caused by the ambthe drain-to-source
bias, as well as to the relatively low fieldFect mobility of the holes in F8T2. We observe

this dfect for duty cycles down to 1% for OFETs based on F8T2. We dxpeat these
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results are further evidence of deep charge trapping witlerorganic semiconductor as

the physical mechanism responsible for the electricahlribties of these devices.

5.2 Maximum operating temperature

Another important environmental variable to which OFETH i subjected is tem-
perature. It is well documented and commonly assumed thae ghe field-&ect mo-
bility of most organic semiconductors used in OFETSs is ttalyractivated, increased
temperature operation is beneficial, or at least not detriat¢o the performance of the
OFETs [23—-27]. However, besides the observation of aceldbias-stressing at elevated
temperature as shown above, there appears to be anothes byaahich the electrical per-
formance of the OFETSs is degraded at elevated temperatsashdéwn in Figure 5.15(a)
and 5.15(b), we observe that the fielileet mobility is dfectively reduced for devices
operated above approximately 60 t68333 to 338K). Although not specifically men-

tioned, similar results can be found in the references rapad above, i.e., there appears
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to be a decrease in the fieltfect mobility for elevated temperatures neat®5To elim-
inate the possibility of the gate biaffecting the morphology of the material at higher
temperatures (i.e gate-pollingfects), we show in Figure 5.15(c) the characteristics of a
device measured with the gate floating. In this figure, wéabiserve a reduction in the
drain current at elevated temperature.

These results are for devices with active layer materidl tlaa been subjected to a
maximum annealing temperature of’@gin vacuum) during device processing and post-
measurement annealing sessions, allowing reliable dewggsurement up to approxi-
mately 90C. We have observed similar results for devices that hava baaealed and
electrically tested to gradually higher temperatures@Q@10C- 130C).

We note severalffects due to annealing and testing the device at gradualhehigm-
perature. First, we see that the baseline figfdet mobility (i.e., that taken from device
measured well below the annealing temperature) is redusdtieaannealing tempera-
ture is increased. Another majoffect is that even though the device has been annealed
to higher temperature, the fieldfect mobility is still a maximum for devices measured
below 70C. We expect that this reduction in mobility is caused by desnin the mor-
phology of the organic semiconductor. However, attemptiigoern these small changes
(i.e., through temperature dependent X-raffrection (XRD) and dierential scanning
calorimetry (DSC) over the range of temperature used foeteetrical characterization)
did not produce any definite results. Since extremely snielhges in morphology can
result in substantial changes in electrical performaniceeeéms reasonable that experi-
mentally undetectable changes in the morphology of the filsexl here may still be re-
sponsible for the reduction in device performance we hawewied. Nevertheless, the
subject of maximum operating temperature is an importaataztieristic of device perfor-

mance and these results demonstrate that OFETs based omgpaiynaterials could have
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an upper operating temperature limit much lower than gudieid strictly from a material

degradation point-of-view.

5.3 Conclusion

We have studied the electrically induced instabilities igfamic field-éfect transistors
based on solution-deposited F8T2. The main consequencegative bias temperature
stress is a shift of the threshold voltage to more negatilteegawhile the field-fect mo-
bility and subthreshold swing are relatively digzted. These observations are explained
in terms of charge carrier trapping in the disordered orgaemiconductor active layer.
We have used an analysis technique based on the dispersiarriegis among a range of
trap states, in order to extract an estimation of the traje stistribution. We find that this
distribution is centered at approximately 0.25eV aboveuience band of the organic
semiconductor and propose that this corresponds to aldistn of trap states centered at
this energy.

As a complementary experiment, we have studied the elatiyrinduced instabilities
of organic field-&ect transistors based on solution-deposited F8T2 by peifigr AC bias
temperature stress experiments for a range of bias stiggsal $iequencies and duty cy-
cles and investigating the evolution of the resulting thodg voltage shift. We find that
the threshold voltage shift does not exhibit the expectgubdéence on theffective ac-
cumulated stress time, rather it depends on the total durafi the stress measurement.
This result is explained in terms of deep trapping of chaayei€rs in combination with
relatively low charge carrier mobility within the organiersiconductor, keeping the de-
vice from recovering during the “OFF” portion of the biasesis signal.

Additionally, we have noted that the electrical performantthe F8T2-based OFETS,
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as well as OFETs based on other organic semiconductorsaapfeeincrease, peak and
then decrease as the temperature of the device is incredBedgh we believe that this

is due to small changes in the morphology of the organic fikpeements to detect such
changes were not fruitful. Thidfect could have profound influence on the development
of commercial applications based on this type of devicegssiit is expect that in most ap-
plications, the devices will be subjected to temperaturexcess 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 aénwhey used it to
investigate the kinetics of metastable defect states intkh-B-Ts [1, 2]. In this experi-
ment, a transistor is biased for a certain time such thagehearriers are trapped within
the device (i.e., electrons are trapped and defect stageg@ated in a-Si:H). After a cer-
tain preselected delay time, the device is subjected tdw@amitation pulse, of which the
photon energy and flux is proper to generate fiident density of free charge carriers.
One species of photogenerated charge carriers (i.e., mo&eSi:H) difuses towards the
gate insulator and annihilates the trapped electronsewthd other species (i.e., electrons
in a-Si:H) travels in the opposite direction out the sounce drain electrodes and can be
measured as a transient current pulse. By varying the gagdepplication time, delay time
and device temperature, the kinetics of the trap states eamvbstigated and the density
of these trap states can be estimated.

Other methods, such as deep level transient spectroscagysjand thermally stimu-
lated currents (TSC) have been used to characterize thetags in organic semiconduc-
tors. In general, these two methods have been performedtuer €iiode structures (i.e.,

organic light-emitting diodes, OLEDs) or metal-insuals@miconductor (MIS) structures.
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For example, several groups have investigated the tragsstathe light-emitting polymer
poly-(p-phenylene-vinylene) (PPV), and its derivativasd found that hole trap concen-
trations of 18*to 10" cm™2 at energies of 0.1 to 0.5eV above the valence band (or HOMO
level) exist in this material [3—6]. TSC and DLTS studiesltd tlefect states in pentacene
diodes and MIS structures revealed a range of both electrdmale trap states with sim-
ilar concentrations{ 10%) in the range of 0.2 to 1.0eV above the valence band [7, 8].
These methods have also shown use in determining trap aadtddtes caused by vari-
ations in processing conditions and molecular synthesis(p as well as detecting the
creation and disappearance of a trap state as the dopingfexesmall organic material
was increased [11].

For the first time, we have studied the defect kinetics of stgtes in F8T2-based
OFETs using the photodischarge technique. By varying th@somement conditions, in-
cluding bias time, bias level and device temperature, weeasdgimate the density and
energetic distribution of the trapped charge carriers. W tihat the trapped charge car-
riers are centered at a narrow level, approximately 0.3ed@lthe valence band. This

method provides promising and reliable results.

6.1 Experimental methods

The photodischarge measurements were performed at vagoyseratures using a
Karl Suss PM8 probe station, and an HP4156 semiconductanyeer analyzer. A Sig-
natone QuiteTemp temperature controller and hot-chuck weed to control the tempera-
ture of the devices between 283K and 353K. All measuremeaits performed in ambient
atmosphere.

A schematic diagram of the photodischarge measuremenpsatd a schematic of the

measurement timeline used to perform each of the photaaligelexperiments described
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in this work are shown in Figures 6.1(a) and 6.1(b), respelsti For the photodischarge
measurements of TFT structures, the source and drain@flestiare tied together and the
gate is biased with respect to the soydcain connection. The source and drain connection
is connected to the input of an Ithaco 1211 preamplifier (gedidy internal batteries for
reduced noise operation) in order to provide a voltage sittpad could be measured with
an oscilloscope. We have used an HP4156 semiconductor pemaanalyzer to provide
the gate bias signal for a certain tinig, After a certain delay timeg, an HP8110A func-
tion generator is used to trigger an electronic shutter Blitzi SD-1000), which opens
to provide an illumination pulse with a width of approximigt@00msec from a 200W
Oriel HgXe arc lamp. This light pulse travels through a fibptio cable into the micro-
scope of the Karl Suss PM8 probe station and is focused to tasggmcentered on and
approximately the same size as the device under test. Atatine $ime, the signal from
the HP8110A triggers an HP54615B oscilloscope to measereutput 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 photogeneratesgehearriers that perform
the duty of a probe signal and cause a transient current thases input into a current
amplifier in order to generate a corresponding voltage sigR&presentative transient
voltage signals taken from the oscilloscope are present&ijure 6.2 for a gate bias of
-50V and a range of gate bias application times. This voltageal is measured with an
oscilloscope and is converted back to a current signal, lwisichen integrated to yield

the total residual charge, Q, for each gate-bias applicaitd delay time combination
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Figure 6.1: (a) Experimental set-up used to perform theqahstharge measurements. The dashed
line around the schematic device structure correspondset@lectromagnetic shield
around the probe-station used in the experiment. (b) Tiadlesuf the photodischarge
experiments showing the gate bias pulsetfpdelay timety, illumination pulse, result-
ing current transienk(t)and residual charg®.
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according to:
t1
I (t) = Z—? =>Q-= [ (t)dt (6.1)

0

where, for the case her,is found from:

0.4 c 1
_ 109 =1, - |4
Q‘fo Vecope (O [V] - 10° [vl 1.602x 1&19[0]0“ (6-2)

where 10° is the amplification factor from the settings of the Ithacd 12urrent amplifier
(i.e., 10+ 10=107).

The dependence of the residual charge on the applied gatefdnia device at 303K,

20 -

time (sec)

Figure 6.2: Representative set of voltage pulses as olibenvethe oscilloscope corresponding
to the photo-discharging of the remaining filled trap statfter the given gate bias
application times and a delay time of approximately one sgc&imilar results were
observed for other measurement temperatures.

is presented in Figure 6.3. We note that the residual chadigibies the expected depen-
dence on applied gate bias, i.e., it increases as the mdgnitugate bias increases as
shown in Figure 6.3(a). For gate biases above the threslottiabe, approximately -15V,
the residual charge increases with gate bias applicatios, tivhile below threshold there
is little increase in residual charge. For the dependencesidual charge on delay time,

tq, shown in Figure 6.3(b), we note a similar dependence foclaeacteristics measured



151

with initial applied gate bias above threshold, which shawlatively slow charge carrier
detrapping with time at this temperature. However, we nod, ffor the case of the mea-
surement with below threshold applied gate bias, the resicharge is reduced at a much
faster rate. These results are evidence that the percesftagailable trap states filled after
a certain gate-bias application time is dependent on thiegjpate bias, as expected. For
the case of near- and below-threshold gate bias, we exdtincarriers occupy a small
percentage of the available trap states in the materialtheaource and drain electrodes,
which can be relatively easily depopulated at slightly abmom temperature. While, for
the case of applied gate bias significantly above the thidsiudtage, the charge carriers
occupy a much larger percentage of the available trap states
The general expression for the residual trapped chargetaftet for a distribution

of trap states is given by(E) [1]:

Q) = Qo f NIEItE)exp[T (;T)]dE (6.3)

whereQ, is the “charge prefactor” and corresponds to the amounappied charge imme-
diately after the gate bias is remove@dt(E) is a function describing the energetic distribu-
tion of trap states ani; is proportional to the total number of trap states and isutated
using:

N, = fN (E)dE (6.4)

A characteristic time (i.e., average escape time) can beesged using:
7(E, T) = v exp (E/KT) (6.5)

wherey is the attempt-to-escape frequency and is explained in ohetegl below.
Finally, the expression we have used for the normal (Ganjsistribution of trap

states with energy is:
g (E-Eo)/2AE?

N = eV

(6.6)
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Figure 6.3: (a) Extracted residual charge as a function td bas application time for a range
of gate bias levels at room temperature. The points correspmthe experimentally
determined data and the lines are provides as guides to éhdlgyExtracted residual
charge as a function of delay time after a gate bias appiicatt diferent voltages for
300 sec. The points correspond to the experimentally détedrdata and the lines
correspond to the best least squares fit of the equations mivbe text.
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where, for the case described heg,is the center energy of the supposed normal distri-

bution of trap states in the material an# is the width (i.e., full-width at half-maximum)

of the distribution. These parameters are described in ohetal below.

The experimental data shown in Figure 6.3(b) has been figubis set of equations

along with the assumption of a normal (Gaussian) distrisudf trap states. An itera-

tive process that involved choosing initial fitting paraerstto input into the Matlab code

(see the Appendix) was used to generate the linear leastesgfis (solid lines) shown

in Figure 6.3(b). More specifically, this process consisthe following steps (both user

controlled and automated program steps are included):

1.

2.

9

Initialize variables (i.e., Temperature, etc.).

Load experimental data and §gf equal toQ—o.

Choose valid initial guesses fay, AE andyv.

Create distribution of trap states based on these pagesraatd equation (6.6).
Generate fit based on equations (6.3), (6.4), and (6.5).

Calculate the residuals (i.e. fildirence between fit and experimental data) and the
square of the residuals to get a measure of the validity diithe

Determine values d&,, AE andv that give the least square of the residuals for this
iteration.

Return to 3 and use newly determined valueEQfAE andv as the initial values
for this iteration.

Continue with this process until the desired level of fitwacy is achieved.

Fits have been performed in this manner and are shown in &ig&(b). The resulting

dependencies of the fit parameters on the applied gate bs&svwn in Figure6.4. The

center energy of the trap distributidfy has very little dependence on applied gate bias

and has an average value slightly above 0.3eV. The enewieliic of the trap distribution
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AE appears to exhibit a slight increase with increasing gate imagnitude and has a value
near 75meV. The apparent spreading of the trap state eradggtibution with an increase
of gate bias may be due to the fact that a growing portion otithesity of states becomes
occupied as the magnitude of the gate bias is increased. thsl mdove, the residual
charge increases with increasing magnitude of gate biagpas®d and as shown in Figure
6.4(b). The attempt-to-escape frequenaoes not exhibit any discernible dependence on
the gate bias, though its value near 50Hz is relatively lomgared to the values obtained
for inorganic semiconductors [1]. We should note that a lawueg ofyv, near 10Hz, was
found for the analysis of the BTS experiments described ieaaher chapter.

We see from Figure 6.3(b), that applied gate biases signtficabove the threshold
voltage (i.e.z 20V) result in similar dependences on the delay time. Tdarrinvestigate
and gain some insight into the kinetics of the trap statespevéorm the photodischarge
measurements using a gate bias of -50V and vary the tempeddtine device. We expect
that increased temperature will speed-up the dischargeedfraps, resulting in a smaller
amount of residual charge at the same delay time but for higineperatures. 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 resahaabe on gate bias appli-
cation time and temperature are presented in Figure 6.5n Eris figure, we observe the
expected result that the amount of residual charge incseas¢he gate bias application
time increases.

In Figure 6.6(a), we present experimental results for th@qatischarge experiment
performed for a range of delay times and device temperatyseexpected, we see that

the amount of residual charge decreases as the allowedtielaxime (i.e., delay time)
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Figure 6.5: Residual charge versus gate bias applicatie tor delay time of approximately 3
sec. Points are experimental data and lines are fits that asrguides to the eye.

increases. Additionally, we note that this relaxation stéa with elevated temperature.

In Figure 6.6(b), we present the extracted residual chasgefanction of the normal-
ized delay time. This normalized delay time was found byding the delay time by the
corresponding temperature dependent characteristiajivea by equation 6.5. From this
figure, we observe that the residual charge curves followndasi trend and the observed
differences in Figure 6.6(a) are simply due to the kinetics ottta@ge de-trapping at dif-
ferent temperatures.

Fits to the experimental data of Figure6.6(a) were perforosng the same method
as that which was described above. In Figure 6.7, we presentriation of the fit param-
eters with temperature. We can glean interesting obsengatiom these figures. Most no-
tably is the extremely small temperature dependence ofdhtecenergy of the trap state
distribution, which has an average value of approximate3gW. The energetic spread of
the trap state distribution exhibits a slightly larger degence on temperature, decreases

with temperature, and has an average value of approxim28sheV, corresponding to a



157

15
M
c
-}
a 0.14
—
S
g
0.01
10 10*
(a)
15
~~ ] \\I
0
=
-}
a 0.1+
[
S
g
0.01-
107 107 10°
td

(b)

Figure 6.6: (a) Extracted residual charge as a function lafyd@ne after a gate bias application of
-50V for 300 sec for the same device measured f@¢mdint temperatures. The points
correspond to the experimentally determined data andtles korrespond to the best
least squares fit of the equations given in the text. (b) Etdchresidual charge plotted
versus the normalized delay time.
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temperature of approximately 350K. We also observe thatttieenpt-to-escape frequency,
v, IS again relatively low and exhibits a linear dependencearmhincreases with temper-
ature. The increase with temperature could be expecteck #ivis parameter is roughly
equal to the inverse of the average time taken by a chargerctorbe de-trapped. The
“charge prefactor” of the fit corresponds@ in equation 6.3. This parameter decreases
slightly with temperature and this may be due to experinidimatations since at least
several seconds pass between the end of the gate bias &pplarad the beginning of the
illumination pulse. We expect that a more sensitive expenital set-up could correct this
problem.

The results from the parameter extraction and curve fitteggdbed above allow us to
estimate the shape of the density the trap states as showguire.8. In other words, this
is the normal distribution that provides the best fits of #mmperature- and gate voltage-
dependent date presented above. In this figure, we have shewHOMO-LUMO gap of
F8T2 and note that the trap states are centered at apprekyn@aBeV above the LUMO
(i.e., valence band) with a full-width at half-maximum ofepximately 23meV. The slope
of the band edges is schematic and simply indicates that #rerexpected band-tail states
due to the amorphous nature of the semiconductor. The tvapdé0.3eV fits well with
the activation energies of the fieldfect mobility and with the results from the analysis of
the BTS results described in an earlier chapter, providiogresistent set of data on the
trap state distribution.

Finally, we should note that no meta-stability of the tragtes has been observed for
devices based on F8T2. In other words, the residual chargadféor a measurement
taken immediately after a previous measurement is the santieaf found for the first
measurement. If the trap states were meta-stable, we wapketeto observe a greater

amount of residual charge for the second measurement $iacdtes formed in the first
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Figure 6.8: Density of states extracted from the photo@disgh measurement described in this pa-
per assuming a normal (Gaussian) distribution of trap stbeve the valence band.

measurement were not intentionally annealed-out.

6.3 Conclusion

In this chapter we have described the results of the phatbdige measurement per-
formed on an F8T2-based OFET. This method has been desaniloledail and has been
used to characterize the density of trap states and thet&riskénetics of the active organic
semiconductor. By investigating the dependence of theuasicharge on gate bias appli-
cation time, delay time, temperature and applied gate hiad)ave observed a relatively
narrow trap state distribution at approximately 0.3eV a&bthwe valence band (HOMO
level). This method shows promise for use as a charactenztiol for comparing the
trap state distribution and device performance of devigesset 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 significanbuampents made in the
performance of organic thin-film transistors, based on kmalecules, oligomers and
polymers. These improvements are due to the developmenglofierformance organic
semiconductor material, suitable device structures, dsagehrough the improvement
in our understanding of how organic-based electronics w@ this last statement, we
mean, improved theories of the charge carrier dynamicstawgal understanding of the
effects of material morphology, improved understanding offfects of the various inter-
faces in the devices, and so on.

While there have been great strides made on these subjdbts iacent past, it is ob-
vious that there is still a lot of work to be done before a catplunderstanding of the
important physical mechanisms and operating principlethe$e devices can be devel-
oped. The goal of this work is to provide to the organic elmtits community, especially
those concerned with organic tfieldfect transistors, thorough and well-developed mod-
els, experimental results and analysis. It is hoped thatabelts presented in this thesis
will further the current understanding of the fundamentatgical mechanisms occuring

in and the operation principles of organic fielffext transistors.
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In this thesis, various issues associated with polyfluomervative-based organic
field-effect transistors (OFETS) have been discussed. More spdygjfiga have presented

our investigation of the following:

e The DC electrical characteristics, performance, modalispamameter extraction.

e The dfects of illumination (both broadband and monochromaticjrenelectrical
characteristics, as well as the use of these devices asd#tetbors.

e The hysteresis in the electrical characteristics of thesecds.

e The instability mechanisms, studied by means of BTS.

e The kinetics and energetic distribution of the density aptstates of the organic

polymer active layer.

In Chapter 2, we described the device structure and exantimee®C electrical perfor-
mance and characterization of the device. The main dewvigetate studied is a patterned-
gate, gate-planarized, inverted, coplanar thin-film tigtos with the organic polymer
F8T2 as the active layer semiconductor. The validity of teleal performance param-
eter extraction methods were studied and it was concludsdthle inclusion of a field-
dependent mobility provide the most reliable results. Wedus model based on disper-
sive charge carrier transport in amorphous semiconduatatexamined the temperature
dependence of the electrical characteristics to find anatin energy of approximately
0.3eV for the field-&ect mobility of holes in F8T2. We characterized the sourakdmain
contact resistance and intrinsic device performance ustiagdard electrical characteri-
zation methods, as well as the transmission line methodmFRhis analysis, we found
that the contact and channel resistances are very simitanvaiues near 1@. We also
observed that the contacts present Schottky-type behatiow Vps, which changes to a
space charge limited current-type of behavior at highgy. Additionally, we found that

the main device structure studied here shows promise astaogmalidate for high-voltage
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(i.e., high-field) applications.

In addition to the DC performance characterization, tiieats of broadband and monochro-
matic illumination on the electrical characteristics aretfprmance of the F8T2-based
OFETs was characterized and explained in Chapter 3. We finatddue to the photocon-
ductive nature of the active layer, the majdlieet of the illumination was the photogener-
ation of excitons, which subsequently dissociate intog@hasarriers, and a corresponding
reduction of the threshold voltage and increase in the Q&te-drain current, resultingin a
diminished control of the gate over the channel. The illuation does notfect the field-
effect mobility. The observedfiects are explained by exciton and the photo-fidleat
theory for amorphous semiconductors. The photo-fiéilele theory provides information
about the density of states, including an estimation of thesdy and slope of the gap
states near the position of the Fermi levels under illunematWe also used this method
to find an estimate of the flat-band voltage of approximatedy- The performance of this
device as a photodetector was characterized and we foulsgpangvity of approximately
1A/W in the ON-state, a photosensitivity of greater than 10bien@FF-state, an external
quantum €iciency greater than 100%, and a noise equivalent power of YW0Hz °°.
Based on these results, we found that OFETs can be veryigertsitthe illumination
depending on the absorption spectrum of the active layas dfect can be beneficial if
the device is to be used as a photodetector, however, in nfdhg proposed applications
of OFETSs, the exposure to illumination should be minimizedider to maintain control
over the performance of the device.

The subject of Chapter 4 was the hysteresis in the electin@hcteristics of the F8T2-
based OFETs. Hystersis shifts of greater than 5V can bewdxsel his undesiredfiect
is indicative of poor device stability and prohibits the wd¢hese devices in commercial

applications. Through gate-bias-, temperature- and ihation-dependent studies, we
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found that the amount of hysteresis is strongly dependetti@density of charge carriers
in the channel and is a relatively easily reversed charggping dfect. Additionally, we
found that with the addition of an organic insulator betwé®s inorganic insulator and
the organic semiconductor, the hysteresis could be elteihaThese results lead us to
the conclusion that the hysteresis is related to the chaagesc trapping in the organic
polymer, at or near the organic semicondug¢igate insulator interface, which is triggered
by the accumulation of a large density of carriers in the paychannel of the device.

Further studies of the instabilities were presented in @hap where we performed
and analyzed thefkects of negativgpositive, DGAC bias temperature stress on the F8T2-
based OFETs and observed that the maff@oe is a threshold voltage shift. The DC bias
and temperature dependence of the instabilities followstteiched-exponential depen-
dence for bias stressfects in amorphous semiconductors and allowed the detetionina
of the distribution of trap states centered near 0.25eV altbg valence band (HOMO-
level). Negative AC BTS showed a dependence on the totalsstime, demonstrating the
combination of several physical phenomena, including slawier transport and the exis-
tence of few reversible and many irreversible trap stateiditfonally in this chapter, we
have noted that the electrical performance of the F8T2eh&d¥eETS, as well as OFETs
based on other organic semiconductors, appears to in¢cpzeeand then decrease as the
temperature of the device is increased. THhisa could have profound influence on the
development of commercial applications based on this tygkaces, since, it is expect
that in most applications, the devices will be subjectecetoperatures in excess of the
peak performance temperature.

Finally, in Chapter 6, we presented the first known use of ttegqdischarge method to
investigate the energetic distribution and kinetics oftthp states in the organic semicon-

ductor. Through a study of the dependence of the residuafjeltan gate bias application



166

time, delay time, temperature and applied gate bias, we tiaserved a relatively narrow
trap state distribution at approximately 0.3eV above tHenae band (HOMO level).

It is interesting to note that the major results obtainedftbis set of experiments and
analyses provide a relatively consistent picture of thesigof states of the organic semi-
conductor active layer material, which governs the openatif the F8T2-based devices.
However, as is always the case, there appears to still be mock we can learn about
this unique class of materials, in addition to the developnoé applications that will al-
low these devices based on these materials to be commeedateveral 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 undedsatg of the funda-
mental physics and operating mechanisms of organic-bdeettanics can be reached.
It seems reasonable that the following fabrication andasttarization experiments could

continue to push the field in the right direction:

e Development and synthesis of conjugated organic moleauilssenhanced envi-
ronmental stability.

e Reduction of device size to enter the realm of having one ewarfapped electrons.

e Characterization of material with and without trapped geaii.e. through the use
of in situ electron spin resonance) in order to more closetganine the properties
of the trapped charge (i.e. polaron vs. bipolaron).

e Further characterization of the density of trap statesutjindhe use of methods such
as deep level transient spectroscopy (DLTS) and thermiaityitated current (TSC),
especially when used to compare the trap state propertieshemge transport prop-

erties of a range of organic semiconductors witfiedtent molecular structures, as
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well as for devices with dierent structures.
It is obvious that the current status of the performance géwic-based electronics pro-
hibits the direct competition of these devices and appboatwith the inorganic-based
electronic systems. However, in the not-so-distant fytiireeems reasonable that this
class of materials and devices will find their way into mangfukand interesting applica-
tions. We can imagine applications such as:
e Fully-organic and fully-integrated organic photodetestand circuitry.
e Organic-based photovoltaics on curved and flexible sutestrior use in non-flat
geometries.
¢ Integration of organic devices into biological applicatsuch as drug delivery sys-
tems, sensory integration systems, and rf-monitoringesyst

e Organic semiconductor-based lasers.
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\% 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)."2)./(2%s."2)))/(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.
Eol=input(’Initial guess of E_{o} (eV) = ( > 0 and < 2) ’);
dEl=input(’Initial guess of \Delta E (eV) = ( > 0 and < 0.5) ');
nul=input(’Initial guess of \Nu (Hz) = ( > 1 and < 10712) ’);
Qo=Q303data(l);

\%Qo=input(’Initial guess of Q_{o} (cm"{-23}) = (C ~ 2e-3) ');
k=8.617e-5;

T=303;

Eo=linspace(0®,2*Eol,501);
dE=1linspace(0.0001,2*dE1+0.0001,501);
nu=logspace(logl®(nul)-5,logl®(nul)+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(@ormdist,®,2,[],[],Eo(j),dEL);
for i=1:4
Qn(i)=quad(@gfun,®,2,[]1,[]1,E0(j),dE1l,t(i),nul,k,T);
Q(1)=(Qo/Nt(3))*Qn(i);
end
Qt=Q.’;
REobase=Qt-Q303data;
REobasesum=sum(REobase) ;
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REo=(Q303data-Qt)."2;
RE02(j)=sum(REo0) ;

end

subplot(3,1,1);
semilogy(Eo,RE02, 'k*’);

\% Find value of Eo for minimum R"2
[yl,i1]=min(RE02);

MinEo=Eo(il);

yl;

\% 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(@ormdist,®,2,[],[],MinEo,dE(j));
for i=1:4
Qn(i)=quad(@gfun,®,2,[],[],MinEo,dE(j),t(i),nul,k,T);
Q(1)=(Qo/Nt(j))*Qn(i);
end
Qt=Q.’;
RdEbase=Qt-Q303data;
RdEbasesum=sum(RdEbase);
RdE=(Q303data-Qt)."2;
RAE2 (j)=sum(RdE) ;
end
subplot(3,1,2);
semilogy(dE,RdE2, 'k*’);

\% Find value of dE for minimum R"2
[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(@ormdist,0,2,[],[],MinEo,MindE);
for i=1:4
Qn(i)=quad(@gfun,®,2,[],[],MinEo,MindE,t(i),nu(j),k,T);
Q(1)=(Qo/Nt(j))*Qn(i);
end
Qt=Q.’;
Rnubase=Qt-Q303data;
Rnubasesum=sum(Rnubase) ;
Rnu=(Q303data-Qt)."2;
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 R"2’s
MinEo

vyl

MindE

y2

[y3,i3]=min(Rnu2);
Minnu=nu(i3)
y3

\% Beep to tell the user that it’s done with this iteration
beep;



ABSTRACT

POLYFLUORENE-BASED ORGANIC FIELD-EFFECT TRANSISTORS

by
Michael C. Hamilton

Chair: Jerzy Kanicki

The electrical performance and device stability of a patdrgate, gate-planarized,
inverted, coplanar thin-film transistor with an organicypoer F8T2 active layer semicon-
ductor was studied. The validity of electrical performapegameter extraction methods
was studied and the inclusion of a field-dependent mobilitwided the most reliable
results. A gate-bias dependent activation energy neaWVf@ethe field-dfect mobility
of holes in F8T2 was found. The source and drain contact aadne resistances were
characterized and are similar with values neatQL0Additionally, these devices showed
promise for use in high-voltage applications. Tlieets of broadband and monochromatic
illumination were characterized and strongly absorbeahilhation reduced the threshold
voltage. Application of a photo-fieldfiect theory provided an estimation of the density
and slope of the gap states. This method also provided anastiof the flat-band volt-
age of -10V. The performance of the device as a photodetshtiwed a responsivity of
1A/W, a photosensitivity greater than 100, an external quargffitiency greater than
100%, a noise equivalent power of #O0WHz %% and a specific detectivity of approxi-

mately 210" cmHZ5W-1. Hysteresis in the transfer characteristics was chaiaeter



by the dependence on the applied gate-bias, temperaturiusmishation. It was observed
that the hysteresis is a charge trappiffg& that is dependent on the charge density within
the channel. The hysteresis was eliminated by incorpayatim organic insulator layer
between the inorganic insulator and the organic semicdnduBias temperature stress
effects were characterized and the mafbee was an increase in threshold voltage. Anal-
ysis using a stretched exponential behavior for DC biasstégects showed that there
exists a distribution of trap states centered at 0.25eVabwvalence band. Negative AC
BTS resulted in a dependence on the total stress time andrdgrated the combination
of several physical phenomena, including slow carrierdpant and the existence of few
reversible and many irreversible trap states. A relatively (65°C) optimal operating
temperature of organic-based devices was observed. Thstates were further charac-
terized using the photodischarge method to investigatkittetics and distribution of trap
states. A narrow distribution of trap states at 0.3eV abbeevialence band was found,

which is consistent with fieldfBect mobility and bias temperature stress results.



