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Abstract 
The properties of organic semiconductors provide opportunities for low-cost 
optical sensors. In the first part of this work, the suitability of organic metal
insulator-semiconductor (MIS) capacitors as elements in optical sensing arrays 
and charge-coupled devices (CCD) has been investigated. Of utmost importance 
in MIS devices is the interface between the insulator and semiconductor, where 
interface tr aps can lead to device instabilit ies and poor charge transfer in 
CCD-type structures. MIS capacitors with either polysilsesquioxane (PSQ) or 
photoresist (SUS) as the insulator were fabricated under ambient conditions, with 
poly(3-hexylthiophene) as the organic semiconductor. Electrical characterisat ion 
of devices was performed both in the dark and under illumination with bandgap 
light . 

Admittance measurements obtained in the dark at temperatures of 125- 375 K 
revealed both PSQ and SUS devices had good stability up to ~ 325 K; the 
capacitance-voltage ( C- V) plots showed consistent behaviour with both PSQ 
and SUS devices exhibit ing fairly constant flatband voltage, doping density ~1015 

cm-3, and interface state density ~1010 cm- 2 ev - 1 . However , the bulk mobility 
in PSQ and SUS devices deviated from both Arrhenius and r -2 temperature 
dependencies. Bulk mobility of a further set of SUS devices, fabricated under 
nitrogen, exhibited an Arrhenius temperature dependency, indicating that despite 
undergoing several annealing cycles, atmospheric dopants were still present in 
devices fabricated in air. 

C- V plots of both PSQ and SUS devices revealed increased depletion layer 
capacitance and anti-clockwise hysteresis when irradiated with light of energy 
greater t han or equal to the HOMO/ LUMO energy gap. Up to ~ 1012 photo
generated electrons were t rapped at the interface resulting in large shifts in 
flatband voltage. De-trapping of electrons was found to be much slower in 
SUS devices, and followed a stretched exponential decay in both PSQ and SUS 
devices. The optical response of MIS capacitors was found to depend on the 
intensity and wavelength of the incident light and the bias voltage scan rate. A 
basic model account ing for these factors was developed which simulated the C- V 
response of MIS capacitors during exposure to light. Transfer of photo-generated 
electrons between adjacent MIS capacitors, as in a single charge-injection-device, 
was demonstrated in both C- V and displacement current measurements. This 
result indicates the possible use of organic materials in CCD-like structures. 

Chapter 6 reports the successful application of an organic photo-voltaic (OPV) 
cell as the near-field detector in a surface plasmon resonance (SPR) bio-sensor. 
Photo-current generated by the OPV during specific binding events at the 
sensor surface correlated well with reflectivity measurements made with a silicon 
photodiode. Sensitivity was found to be lower than a conventional bio-sensor, but 
could be enhanced by improved device structure and surface functionalization. 

Xl 
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Chapter 1 

Introduction 

1.1 Introduction 

The optical and electronic properties of 1r-conjugated polymers provide the basis 

for low cost, low-temperature processing of novel electronic devices. The ability 

to deposit them from solution allows circuits to be fabricated on large, flexible 

substrates using various methods such as ink-jet printing, nano-imprinting [l], 

gravure [2] and high speed roll-to-roll printing [3]. Small molecule semiconductors 

tend to be deposited by thermal sublimation, where the heated organic material 

evaporates on to a substrate in a vacuum chamber [l]. 

Researchers in the field have developed several electronic components, analogous 

to inorganic devices, such as organic field-effect transistors (OFETs) [4, 5], organic 

memory [6, 7], solar cells [8], photo-detectors [9], sensors [10- 12] and organic 

light emitting diodes (OLEDs) [13]. OLED technology has matured and gained 

tremendous commercial success as display panels in, for example, mobile phones 

[14] and televisions [15]. 

Chemical modification of polymers can change their morphology, electronic 

and chemical characteristics. For example, the energy gap between the highest 

occupied molecular orbit (HOMO) and lowest unoccupied molecular orbit 

(LUMO) in OLEDs can be tuned to specific wavelengths of light [16]. 

Electronic conduction in organic materials has been known for some time. 

Early studies were made using phthalocyanine and anthracene crystals [17] . 

1 
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However, it was not until 1977 when Shirakawa et al. [18] doped polyactylene 

with iodine that metallic-like conduction was obtained, achieving a conductivity 

of 105 S/m. This led to the development of rectifying organic p-n junctions 

[19], Metal-Insulator-Semiconductor (MIS) diodes [20] and OFETs based on 

a polythiophene semiconductor [21]. Interest in organic optoelectronic devices 

increased when Tang and van Slyke reported the first OLED in 1987 [13]. Research 

continued into OFETs with the use of conjugated small molecule ( or oligomer) 

compounds and conjugated polymers. Oligomers such as a - sexithienyl [22] and 

metallophthalocyanines [23] were used as the semiconductor. These oligomers are 

insoluble and were deposited by vacuum sublimation onto silicon wafers. In fact 

most early work used heavily doped silicon for the gate structure with silicon 

dioxide (SiO2 ) as the insulator. Amongst the small molecules is pentacene which 

provides the best recorded results for OFETs. Mobilities of about 3 cm2/Vs [24] 

have been achieved which outperforms that of hydrogenated amorphous silicon 

(a-Si:H), typically ~1 cm2 /Vs [25]. 

Conduction in these OFETs was obtained in accumulation, with the ability to 

conduct only positive charge carriers (holes) . These organic semiconductors are 

deemed to be p-type. Successful integration of OFETs into electronic circuits 

arrived when researchers at Philips constructed logic gates and ring oscillators, 

indicating that such devices can perform logic functions [26]. Other examples of 

inverters and logic gates based on p-type semiconductors soon followed [27, 28]. 

N-type behaviour in OFETs was demonstrated by Hadden et al. at Bell Labs 

[29]. These OFETs used a thin-film of Buckminsterfullerene ( C60) as the active 

layer providing a field-effect mobility of up to 0.081 cm2 /Vs. With the advent 

of n-type devices it became possible to build complementary circuits, the idea 

being to produce low power, low noise circuits with improved stability, similar 

in concept to CMOS technology. Initially inverters, ring oscillators and simple 

logic devices were developed [30, 31]. Following the successful implementation of 

these devices, Crone et al. created more complex circuits such as row decoders 

and shift registers with 864 transistors [32]. Typically, these circuits operated at 

voltages up to 100V (see, for example, reference [31]). More recently Klauk et 

al. fabricated inverters, NAND gates and ring oscillators operating at the low 

supply voltages of 1.5 to 3 V [33]. These state of the art circuits used a self

assembled monolayer (SAM) gate dielectric combined with pentacene (p-channel 

device) and hexadecafluorocopperphthalocyanine (F16CuPC, n-channel device) 
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as the organic semiconductors. This result demonstrated the suitability of organic 

based devices for low-power applications. A drawback of these complementary 

circuits, though, is the extra processing required in depositing and patterning 

two different semiconductors. 

Chua et al. [34] demonstrated that conjugated polymers are capable of ambipolar 

conduction. Using a suitable organic gate dielectric, divinyltetramethylsiloxane

bis(benzocyclobutene) (BCB), they found the trapping of electrons at the 

semiconductor/ dielectric interface was reduced, and OFETs were able to form 

a conducting channel of electrons. Other dielectric/semiconductor combinations 

also revealed ambipolar conduction in p-type materials [35]. Ambipolar OFETs 

with well-balanced hole and electron mobilities using heterogeneous blends of 

p-type and n-type materials enabled the implementation of complementary 

circuits [36, 37]. 

1.2 Organic Semiconductors 

Not all organic compounds are semiconductors. Only those which have alternating 

single and double bonds, known as conjugated polymers, exhibit t his property. 

Carbon possesses six electrons, whose electronic ground state is ls22s22p2 . 

Electrons occupying the l s orbital are closest to the nucleus and have the least 

potential energy, however the four electrons held in the 2s and 2p orbits can 

bond with other elements forming various compounds. In the bonding process 

three hybrid sp2 orbitals are formed which are planar with 120° separation. In 

ethene (C2H4 ) , for example, the three sp2 orbitals in each carbon atom form three 

a bonds, one to each hydrogen and one to the other carbon atom. This leaves 

a free electron on both carbon atoms which now occupy the Pz orbital in the 

vertical plane. Being more loosely coupled, t hese two electrons form a 1r- bond 

between the atoms, giving rise to the 'double' bond (Figure 1.1). 

Due to the coupling of these electrons, the energy levels split into 1r molecular 

orbitals (bonding st ates, lowest energy level) and 1r* molecular orbitals ( anti

bonding states, highest energy levels) [38]. In conjugated polymers, containing 

many 1r- bonds, interactions between Pz orbitals cause the energy levels to split 

into bands. An energy gap (henceforth referred to as the band gap), analogous to 

the band gap in inorganic semiconductors, exists between the highest occupied 
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Pz orbital 

\, n bond( 
!---\ 

F IGURE 1.1: Bonding orbitals in ethene. The backbone consist s of a -bonds 
formed by the three sp2 orbitals on each carbon atom. The 1r- bond is formed 

by overlap of the Pz orbitals. 
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molecular orbit (HOMO: corresponding to the valence band) and the lowest 

unoccupied molecular orbit (LUMO: the conduction band). Conjugated organic 

semiconductors have band gaps of ~ 1- 4 e V [38], and electronic transitions readily 

occur between the HOMO and LUMO. 

Charge injection, either by photo-excitation, via electrodes or by chemical 

doping, into the organic semiconductor produces deformations or defects in the 

polymer chain, and are known as polarons and bipolarons. T he bond alternation 

surrounding the defect changes to reduce the overall energy of the chain, resulting 

in localized states in the band gap (Figure 1.2). If energetically favourable, two 

polarons may combine to form a bipolaron. 

Polaron 

LUMO 

HOMO 

F IG URE l . 2: A polaron on a segment of polythiophene. Top shows deformation 
of the chain (Quinonoid structure) , bot tom shows localized states created by 

the polaron in the band gap. Adapted from [39]. 

Polymers are highly disordered; polymer chains, held together by weak Van 

der Waals forces, form molecular solids which tend to exhibit low mobilities 
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( < 10- 3 cm2 / V s). Because of the structure of the polymer , charge is localized on 

each molecule with inter-molecular transport occurring via a hopping mechanism 

[39]. 

1.3 Photoelectric properties 

As ment ioned above, the band gap in organic semiconductors varies between 

1- 4 eV , thus they are able to absorb, or emit , photons of wavelengths in the 

range ~ 300- 1500 nm, covering the electromagnetic spectrum from ultraviolet t o 

infra-red. 

In an inorganic semiconductor , if a photon with energy hv (where v is t he 

frequency and h is Plancks constant) is absorbed by an electron in the valence 

band then it may be excit ed to the conduction band, provided hv > E9 (where 

E9 is t he energy band gap of the semiconductor) [40]. However in organic 

semiconductors the charge generated by photon excitation is a two part process 

as shown in Figure 1.3. 

Photon 

Lz_ 
s 

s 

(a) 

~s~ 
-----...._s~ s,,,----

Diffusion / 

__J;\_f5s-~ 
-----...._ s ~ s ,,,----

' , , ,./ 

(c) 

E 

Exciton 

(b) 

~s~ 
-.....,_s~ s,.,,,-

~s~ 
-.....,_ s ~ s ,.,,,-

(d) 

F IGURE 1.3: Exciton formation in an organic semiconductor. In (a) a photon 
is absorbed , (b) an exciton is formed. (c) shows t he exciton diffusing to a 
molecule with lower energy and in ( d) charge is transferred by application of 

an electric field. Adapted from [41]. 

When a photon is absorbed (Figure l.3(a)) a strongly bound, due to Coulombic 

attraction, electron-hole pair called an exciton is created, which is localized on a 
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molecule (Figure l.3(b)) . The excited state of the molecule is at a higher energy 

than its neighbours, and the exciton will diffuse toward a molecule at a lower 

energy (Figure 1. 3 ( c)) . Eventually the electron and hole will recombine. However, 

if the exciton is subjected to an electric field of sufficient strength to overcome the 

Coulombic binding energy, recombination is avoided, and the exciton separates 

enabling the electron and hole charges to contribute to the photo-current (Figure 

l.3(d)). 

Typically the exciton diffusion length (Lv = ,J,il5 where Tis the exciton lifetime 

and D is the diffusion coefficient) is ~ 10 nm, thus requiring that for separation 

of excitons they must be formed within 10 nm of a region in which an electric 

field exists. This length is only ~ 10 % of the absorption length for photons in the 

semiconductor layer [39], consequently very little of the incident light would be 

converted to charge. 

1.4 Organic Photo-Electronic Devices 

Early organic photo-conductive devices such as photovoltaic cells (OPV) and 

photodiodes (OPD) were fabricated with a single organic layer between two metal 

electrodes. In 1986 Tang used two layers of different semiconductors where the 

charges were separated at the interface between them [42]. When semiconductors 

with different HOMO and LUMO energies are brought together heterojunctions 

are formed. The difference in HOMO and LUMO energy levels is sufficient to 

favour exciton separation at this junction (Figure 1.4). One semiconductor, known 

as the acceptor (A) has a high electron affinity, the other, having a high ionization 

potential is termed the donor (D). 

Further improvements were made using spatially distributed blends of carefully 

chosen polymers producing bulk heterojunctions throughout the active region 

This allowed the semiconductor layer to be thick enough to absorb the incident 

light , with the photo-induced excitons being close enough to heterojunctions for 

charge separation. Following this approach enabled the conversion efficiencies 

of organic PVs to reach ~6.8 % [44] . Ideally the acceptor/donor mix should 

form an inter-digitated structure with a feature size of ~ 10 nm to enable 

efficient separation/dissociation of excitons (Figure 1.5). Where planar molecules 

are mixed a percolating path for charge transport is necessary, although 
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FIGURE 1.4: (a) Charge transfer at the acceptor (A) donor (D) interface occurs 
if t he potential difference between the ionisation potential of the donor and 
electron affinity of the acceptor is greater than the exciton binding energy 
allowing the electron to jump from the LUMO of the donor to the LUMO of 
the acceptor and the hole remains in the donor material. (b) If the HOMO of 
the acceptor is higher than the donor then the bound electron and hole transfer 
to the acceptor. The dashed lines between electrons ( • ) and holes ( o )represent 

excitons. Adapted from [43]. 
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such pathways may not stretch across the entire film leading to electron-hole 

recombination. Percolating pathways can be formed by mixtures which phase 

separate into small domains during deposit ion, allowing efficient diffusion of 

excitons. By stacking two photovoltaic cells in series, researchers have developed 

so-called tandem cells. Cells with different energy gaps enable the tandem devices 

to absorb a wider range of the available spectrum [45]. 

FlGURE 1.5: Charge transport in an ideal bulk heterojunction where the inter
digitated donor (red) / acceptor (blue) structure has formed with feature sizes 
equivalent to t he exciton diffusion length. The structure ensures good transport 

for both electrons ( dotted lines) and holes ( solid lines) . 

Organic photodiodes (OPD) are essent ially the same as OPVs, but have a reverse 

bias applied. Similar methods to improve dissociation of photo-generated excitons 

have been applied, for example using acceptor/donor mixes [46]. The thin organic 

layers, typically <~200 nm in OPVs [47], necessary for optimizing efficiency 

result in high dark currents when reverse-biased. Dark current in OPDs has been 

reduced by using thicker films, up to 4 µm thick [48], which also ensures most 
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of the incident light is absorbed in the active layer. These diodes require higher 

reverse biases to achieve efficient collection of photo-generated charges, however 

prolonged operation at high biases stresses the device causing a reduction in 

photo-current. Low noise OPD arrays fabricated on flexible substrates are suitable 

for use in conformal medical x-ray imaging devices [49]. OPDs have also been 

incorporated into large area image sensors [50, 51]. 

Illumination of OFETs with band gap light induces photo-generated charges in 

the channel , increasing the source-drain current [52, 53] . Pulsing the light on and 

off results in modulation of the drain current indicating that optical illumination 

can control the operation of OFETs. In some p-type semiconductors photo

induced electrons can become trapped at the semiconductor/insulator interface, 

effectively shifting the threshold voltage to more positive voltages result ing in a 

persistent photo-induced current [54, 55]. Relaxation of these trapped charges, in 

the dark, follows a decay which can be described either by a stretched exponential 

function (Kohlrausch's law) [54] or by a single exponential decay [56]. 

Bias-stressing of OFETs can also result in shifts of the threshold voltage. 

Mobile ions in the insulator cause the threshold voltage to shift in a direction 

opposite to the polarity of the applied gate voltage [57]. Defects, impurities 

and structural disorder in the semiconductor , either in the bulk or at the 

semiconductor/insulator interface act as traps, causing instabilities in the 

threshold voltage [58]. Charges trapped in shallow states recover quickly upon 

removal of the bias stress. Trap states deeper in the band gap take much longer 

to de-trap, with the decay tending to follow Kohlrausch 's law [59]. 

Bias stressing of OFETs in the on state results in some of the majority carriers 

becoming t rapped in interface states , and they no longer contribute to the 

current. To maintain the same source-drain current t he gate bias must be 

increased. Stressing OFETs in the off state results in minority carrier trapping 

at the interface. For p-type materials electrons becoming trapped at t he interface 

results in the threshold voltage shifting towards higher positive values, effectively 

ensuring a semi-permanent on state. Such shifts of the threshold voltage are 

det rimental to device performance. A detailed study by Veres et al. has shown that 

insulators with a high dielectric constant increase the disorder at the interface, 

reducing the performance of the semiconductor due to increased interfacial trap 

states [ 60]. 
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Capacitance-voltage ( C- V ) plots of organic MIS capacitors under illuminat ion 

result in large shifts of the C- V plot to more positive voltages [61, 62]. 

During a voltage sweep the devices are biased from the accumulation regime 

through to depletion. Little effect is seen for accumulation voltages, but as the 

device is biased into depletion photo-generated electrons become trapped at the 

semiconductor/insulator interface causing the flatband voltage to move to more 

positive voltages. Both the density and energetic depth of the interface traps 

were found to be dependent upon the insulator used [61]. A further effect on the 

photo- C- V plot was observed; the minimum capacitance in depletion was seen 

to increase and was associated with photo-generated electrons accumulating at 

the semiconductor surface. 

MIS capacitors are the basic component of t he ubiquitous charge-coupled-device 

(CCD), invented by Smith and Boyle [63], and used extensively in imaging 

arrays. MIS devices are simple structures, and the photo-response of organic 

semiconductors to visible light promotes the idea for an organic CCD, which 

have yet to be demonstrated. 

1.5 Outline of the Thesis 

This work is split into two parts. The main theme is an investigation into MIS 

based organic imaging systems including CCD and charge injection device (CID) 

structures. The response of these devices is dependent on the properties of the 

semiconductor/insulator interface. CCD's and CID's are both reliant on the 

transfer of charges between coupled MIS capacitors; a low density of traps and 

minimal disorder will allow efficient charge transfer . Admittance measurements 

are ideally suited to the characterisation of semiconductor/insulator interfaces 

[64] and are employed in this work. 

The theoretical aspects relating to electrical and optical characterisation of MIS 

capacitors are presented in Chapter 2. 

An overview of t he organic materials and device fabrication is given in Chapter 

3. This chapter also provides details of the experimental equipment used to 

characterise MIS devices. 
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Chapter 4 presents the experimental results obtained from admittance measure

ments of MIS devices in the dark and used for determining the stability and 

characteristics of the semiconductor/ insulator interface. 

The responses of MIS capacitors and a simple charge-coupled device to optical 

excitation are reported in Chapter 5. A simple model describing the photo- C- V 

response is also presented. 

Chapter 6 is a stand-alone chapter which reports the results of a collaboration 

with The Soft Semiconductor Group at MIT and forms the second part of this 

thesis. It provides details of a near-field surface plasmon bio-sensor in which the 

opt ical detector had been replaced with an organic photovoltaic cell. 

The main conclusions drawn from this work, together with suggestions for further 

investigations are given in Chapter 7. 



Chapter 2 

Literature Review 

2.1 Introduction 

Metal Insulator Semiconductor (MIS) capacitors provide the basis for many 

different types of electronic devices from field-effect transistors to charge-coupled 

devices. Because of their simple device structure, they have been widely used in 

the analysis of the electrical and interfacial properties of the MIS system. For 

example, the use of Metal Oxide Semiconductor (MOS) capacitors as analytical 

tools has proven to be beneficial in the understanding and improvement of 

silicon based devices. Consequently, the physics of MIS capacitors was essentially 

developed for inorganic semiconductors as explained in several text books 

[40, 64, 65]. 

Similar studies of MIS capacitors with organic semiconductors are also beneficial 

in the further understanding of the interfacial properties of the active material 

and insulator layer. This chapter reviews the theory and characterisation relating 

to MIS capacitors in the dark and under illumination. Theoretical aspects of 

charge-coupled-devices and charge-injection-devices is also included. 

11 
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2.2 The Metal Insulator Capacitor 

The MIS capacitor structure (Figure 2.1) is similar to the familiar parallel plate 

capacitor in which a dielectric layer separates two electrodes or plates. In the 

MIS system, however , one electrode , the gate, is metallic and the other is t he 

semiconductor. For electrical connectivity an ohmic contact is made with the 

semiconductor. Varying the voltage applied to t he gate modulates the population 

of charges within the semiconductor layer, altering its conductivity, and the 

overall capacitance of the MIS device. 

Ohmic contact 

V 

FlGURE 2.1: Thin-film MIS capacitor. A voltage, V, applied to the gate 
electrode determines the population of charge carriers in the semiconductor, 

and, consequently, the overall capacitance of the MIS capacitor. 

2.2.1 Ideal MIS Capacitor Energy Band Diagrams 

Although molecular organic crystals have been shown to exhibit band-like 

transport at low temperatures [66], the high degree of disorder in polymeric 

semiconductors results in hopping transport between localized states. Models 

describing charge transport in disordered organic semiconductors assume either 

a Gaussian or an exponential density of states (DOS) [67, 68] rather than the 

parabolic DOS associated with crystalline silicon. Figure 2.2 shows an energy 

diagram for a disordered semiconductor with a Gaussian density of states. 

For organic materials containing impurit ies Fermi level alignment , leading 

to band-bending, is possible, although this occurs within the context of an 

exponential or Gaussian DOS [70]. 
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FIGURE 2.2: Energy diagram for a Gaussian DOS in a disordered organic 
semiconductor. Adapted from [69] . 
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However , in the following sections, band diagrams based on conventional semi

conductors are used as the basis for explaining the operat ing regimes of MIS 

capacitors. 

2 .2.1.1 Flatband 

~ Vacuum level 
qx; 

I., t 

qlfJm 

Eg .... · · ·· ·r ·· ·· ······· · ·· ·· · 
q'l's - -i--- --ql{Jp 

Ev 

d;,,, - X 
Distance 

Metal Insulator p-type semiconductor 

F IGURE 2.3 : Energy band diagram of an ideal p-type MIS capacitor at flat band 
with V = 0. 

The energy band diagram for an ideal MIS capacitor with no applied bias (V = 0), 

in thermal equilibrium, is shown in Figure 2.3. An ideal MIS device is one in which 

there are no interface traps or fixed charges in the insulator , t he insulator has 
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infinite resistance, and there is no difference in the work function of the metal 

gate and the semiconductor. From Figure 2.3 it can be deduced that [40] 

(2. l a) 

(2.1 b) 

where x represents the electron affinity of t he semiconductor, '¢B is the Fermi 

potential with respect to the midgap, Ei , and </>p is the Fermi potent ial with 

respect to the band edge Ev. As can be seen the bands are flat, and this is known 

as the flatband condition. 

The insulator presents a large energy barrier between the metal and semiconduc

tor, preventing conduction of carriers through the device. Because no current can 

flow through the device, a bias applied to the gate electrode results in surface 

charge layers in the metal and semiconductor, producing an electric field in the 

insulator. 

2.2.1.2 A ccumulation 

Biasing a p-type semiconductor with a negative voltage applied to the gate 

(V < 0) causes the valence band edge, Ev, to bend upwards at the surface 

bringing it closer to the Fermi level (Figure 2.4). As the concentration of carriers 

at t he surface depends exponent ially on the band-bending, t his results in an 

accumulation of majority carriers (holes) near the surface. The accumulation 

layer screens the bulk semiconductor from the applied electric field with band

bending increasing for higher accumulation voltages. 

In the energy band diagram of Figure 2.4 '¢s is defined as the total band-bending 

or surface potential with respect to the bulk of t he semiconductor. It is t he 

potential difference between r.p 8 and r.p5 • r.p B is t he potent ial difference between 

the intrinsic Fermi level Ei and the doped Fermi level Ep in the bulk, and r.p5 

is t he difference in potentials between Ei and E p at the semiconductor surface. 

The potent ial at a distance x from the surface is t hen 

(2.2) 
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F IGURE 2.4: Energy band and charge distribution diagrams of an ideal p-type 
MIS capacitor biased in accumulation, V < 0. Upward arrows denote negative 

potentials, downward arrows denote positive potentials. 

The concentrations of holes as a function of 'l/;(x) is given as [40] 
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(2.3) 

where k is Boltzmann's constant, T is the absolute temperature and NA is t he 

density of acceptors. Thus in accumulation the density of holes at the surface is 

p(x ) > NA. 

2 .2.1.3 Depletion 

If the applied bias is now increased such that it has a small positive value (V > 0), 

the bands bend down resulting in a reduction in the concentrat ion of majority 

carriers near the interface: a condition known as depletion (Figure 2.5). 

Charge neutrality is maintained by a space charge region of negatively charged 

acceptors in the depletion layer. The depletion widt h, w, increases with increasing 

gate bias such that charge neutrality is maintained overall in the device. The 

transition between the depletion edge and bulk semiconductor occurs over a 

Debye length. However in the depletion approximation this is approximated as a 

step function, where the free carrier concent ration is p = n = 0 in the depletion 

region and charge neutrality is maintained in the bulk semiconductor. The surface 



Chapter 2. Metal-Insulator-Semiconductor Capacitors 

>, 

e1 
Qj 
C 

UJ 

Metal Insulator p-type semiconductor 

p(x) 
I I 

-+l w -
I I 

--------1- --------~ X 

,Ionized 
Acceptors 

16 

FIG URE 2.5: Energy band and charge distribut ion diagrams for an ideal p

type MIS capacitor biased in depletion. Application of a small positive voltage 
(V > 0 causes the bands to bend down and the surface is depleted of majority 

carriers. Charge neutrality is maintained by ionized acceptors. 

charge in the depletion region is 

(2.4) 

from which t he electric field Es in the semiconductor layer is 

(2.5) 

where € 5 is the absolute permittivity of the semiconductor. Integrating t he electric 

field provides the potential at the surface of the semiconductor, 'l/Js 

(2.6) 

It is apparent from Figure 2.5 that the applied voltage V appears across both the 

insulator and semiconductor, i.e. 

V = Vi + '1/Js , (2.7) 
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where 
Vi= Qs 

Ci 
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(2.8) 

and Ci is the capacitance per unit area of the insulator . Combining Equations 

2.6, 2. 7 and 2.8 results in a quadrat ic expression for t he deplet ion width, whose 

solution is 

c:; 2cs V 
Cf - qNA . (2.9) 

If the bias is now made much more positive, the bands bend further downward and 

the intrinsic Fermi level, Ei, crosses the Fermi level, Ep8 . Now the concentration 

of minority carriers (electrons) at t he surface can become greater t han that of 

holes in the bulk so that the surface becomes inverted. Minority carriers help 

maintain charge neutrality in the MIS capacitor, and shield the depletion layer 

from further penetration of t he applied electric field. In organic semiconductors, 

however, inversion is not commonly observed although in intrinsic ambipolar 

materials electron accumulat ion is observed for positive gate voltages [34]. 

2.2.2 Admittance of MIS Capacitors 

Depletion 
Accumulation '~ "'' Inversion 

)I 

___ Low Frequency 

~ ----- High Frequency 

Deep Depletion 

Gate Bias 

FIGURE 2 .6: C- V response of an ideal MIS capacitor at low frequencies (red 
curve) . At high frequencies (green curve) minority carriers can only respond 
to slow changes in the gate bias and t he MIS capacitor realises a minimum 
capacitance at the bottom of the t ransition from accumulation to depletion. 
When minority carriers are unable to respond to changes in the gate bias the 

device enters deep depletion (blue curve) . 
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When an ac voltage is superimposed upon the gate voltage of an MIS device, 

biased in the accumulation regime, the band-bending will vary with t ime as it 

follows the applied ac voltage. To maintain equilibrium, charges will flow in and 

out of the semiconductor surface. Under strong accumulation the density of holes 

at the surface is contained within a very thin layer, creating a large different ial 

capacitance, Cs, in the semiconductor. As Cs » Ci the measured capacitance 

per unit area, Cm ~ Ci (Figure 2.6). At frequencies where the device is able to 

follow t he ac voltage Cm can be modelled as a parallel plate capacitor with its 

capacitance per unit area given by 

(2.10) 

where ci is the absolute permittivity of the insulator and di its thickness. 

Driving the gate bias to more positive voltages, reduces the density of holes at the 

surface, decreasing the value of Cs. When the bias is greater than the flatband 

voltage, holes are repelled from the surface, forming a depletion layer of ionized 

acceptors with an associated depletion capacitance per unit area, Cd. The total 

measured capacitance per unit area decreases and is t he series sum of Ci and Cd 

given by 

(2.11) 

As the depletion layer width increases, Cd decreases in value. The minimum value 

of Cm coincides with the minimum value of Cd where the depletion layer width 

is at its maximum. 

In silicon an inversion layer of minority carriers forms as the bias is further 

increased. Response t ime for minority carriers in silicon is ~0.01- 1 seconds and, 

provided the frequency is low enough ( < 100 Hz), minority carriers can follow the 

ac signal [64]. The differential capacitance of the inversion layer increases with 

bias and eventually exceeds Ci so that Cm~ Ci (red curve in Figure 2.6). At high 

frequencies, minority carriers are unable to respond to the ac voltage, but can 

still follow slow changes in gate bias. Consequently the minority carriers screen 

the semiconductor bulk from further increases in gate bias and Cm remains at 

its minimum value (green curve in Figure 2.6). If the response t ime of minority 

carriers is too slow to even follow changes in the gate bias, the depletion region 

continues to grow until it fills the entire semiconductor bulk. The MIS capacitor 

is now in deep depletion (blue curve in Figure 2.6). 
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Generation of minority carriers in wide band gap organic semiconductors is very 

inefficient, with a response time ~107 seconds due to the low intrinsic carrier 

density [71, 72]. Therefore inversion is not observable in organic MIS capacitors, 

even at the lowest measurable frequencies (~10-3 Hz), and C- V curves obtained 

for organic MIS capacitors resemble the deep depletion curves of inorganic 

devices, with the semiconductor layer becoming fully depleted of charge, where 

Cm becomes constant. 

From the above discussion it is seen that Cd is bias dependent and the MIS device 

can simply be represented as a variable capacitor in series with the insulator 

capacitance Ci (Figure 2. 7). 

V 

F IGURE 2.7: Simple equivalent circuit of a MIS capacitor showing series 
connection of the insulator ( Ci) and semiconductor ( Cs) capacitances. Cs is 

variable to indicate its bias dependence. 

2.2. 3 D oping D ensity 

The doping density of doped organic semiconducting materials may be found by 

following the Mott-Schottky analysis. However, as noted by Meijer et al. [73], 

the temperature and frequency ranges over which the doping density can be 

determined is limited due to the low response time of majority carriers . Following 

the standard Mott-Schottky analysis the doping density profile (N ( w)) may be 

obtained using the equation [64] 

(2.12) 

where w is the depletion layer width, q is the elementary charge, Es t he absolute 

permittivity of the semiconductor, and Cm is the measured capacitance per unit 
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area at a gate bias Ve . Doping density can then be found from the slope of a 

plot of 1/C;n versus Ve in depletion. A positive slope of the plot indicates the 

dopa.nts are acceptors, a negative slope indicates they are donors. A uniform 

distribution of dopants results in a straight line with slope proportional to N (w) . 

For a non-constant doping density, the profile as a function of w may be obtained 

by calculating N ( w) at each value of Ve using Equation 2.12. The corresponding 

value of w can be found using the expression 

(2.13) 

2.2.4 Equivalent Circuits of MIS Capacitors 

Equivalent circuits provide a means to model the behaviour of ?,,11IS capacitors. 

In the previous section a simple series arrangement of capacitors was shown to 

model the device, with the assumpt ion that t he majority carriers are able to 

follow the ac voltage. However , this is only true when the period of the applied 

ac signal is much longer than the dielectric relaxation time of the semiconductor 

Tn . At higher frequencies where the majority carriers can no longer respond, 

thermal equilibrium is not maintained resulting in an energy loss supplied by the 

ac voltage source. This loss is modelled by an R-C t ime constant where the loss 

occurs in the resistive element . Figure 2.8 shows the equivalent circuit for t he 

MIS capacitor in accumulation where the bulk semiconductor capacitance CB is 

in parallel with the bulk resistance R 8 [73]. 

F IGU RE 2.8 : Equivalent circuit for a MIS capacitor in accumulation . 

The measured admittance. YAI . of the MIS capacitor is 

(2.14) 
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where G 111 and CM are the parallel conductance and capacitance respectively and 

j =.;=I.From Figure 2.8 and Equation 2.14 the capacitance CM and loss G1,J/w 
are given as [74] 

C1-Cc 
CAI = Cc + 1 ( )') + WTR -

GM wRaCJ 
w l + (wTR) 2 

(2.15a) 

(2.15b) 

where Cc is the series sum of the insulator capacitance. Cr, and Ca , and TR is 

the circuit relaxation time given by 

(2.16) 

from which the relaxation frequency is 

(2.17) 

Equation 2.17 is valid for a MIS capacitor in accumulation. When the device is 

biased into depletion a capacitance C0 as ·ociated with the depletion layer width, 

:rc1 . must be included in the equivalent circuit as in Figure 2.9. 

-IH 

R' B 

F IGURE 2.0: Equivalent circuit for a MIS capacitor in depletion. 

The depletion width .. and hence C0 . Ca and R8 , are all bias dependent. and are 

given by the following equations [75] 

R 1 L- xc1 
a= Ps A 

C
l A 
a= Es L 

- Xc1 

Cn = E8 A 
Xd 

(2.18a) 

(2.18b) 

(2.18c) 
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where L is the semiconductor thickness and Ps the semiconductor resistivity. 

The relaxation frequency can now be calculated as 

22 

1 
JR = 21rR~(C} + C~) ' 

(2.19) 

where C 1 has been replaced by the series sum ( C~) of CI and CD, and Cs and 

Rs replaced with C~ and R~ respectively. 

As the depletion region grows the relaxation frequency will increase between the 

value in accumulation and full depletion [75] 

1 1 

21rRs(C1 + Cs) <JR< 21rR~C~ 
(2.20) 

where TD = p8 E 8 is the relaxation time of the undepleted semiconductor. 

The effect on the capacitance and loss as a function of frequency and depletion 

width are simulated in Figure 2.10 using Equation 2.19. The black curve in 
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FIGURE 2. 10: Simulated frequency response of (a) capacitance and (b) loss 
of a MIS capacitor as it is biased from accumulation to full depletion. 
Semiconductor layer t hickness is 200 nm with C1 = 450 pF, Cs = 600 pF 

and Rs = 4400 D. 

Figure 2.10( a) shows the frequency response of the MIS capacitor when biased 

in the accumulation regime. For frequencies where WTR « 1 the total measured 

capacitance CM ~ C1 because the reactance (Xc8 = 1/ jwCs) of Cs is high 

and shunted by the semiconductor bulk resistance Rs. X 08 decreases with 

increasing frequency and makes an increasing contribution to the admittance. 

As the frequency approaches the relaxation frequency, JR (Equation 2.17), X 08 
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decreases and is no longer shunted by RB- Consequently CB is now in series with 

C1 and CM decreases with increasing frequency. 

The corresponding loss plot (black curve in Figure 2. lO(b)) reveals a classical 

Maxwell-Wagner dispersion, typical of a two layer dielectric structure where 

the layers have different conductivities [76]. At low frequencies majority carriers 

respond to the ac signal and there is no associated energy loss. As the frequency 

increases majority carriers lag behind the ac voltage and the loss increases until a 

maximum occurs at WTR = 1. At higher frequencies majority carriers are unable 

to respond to the signal and make no contribution to the energy loss, which 

decreases. At frequencies where WTR » 1 none of the majority carriers are able 

to follow the ac voltage and there is no energy loss from the majority carriers. 

As the depletion layer width grows, the low frequency capacitance decreases 

with CD becoming increasingly influential (see Figure 2.l0(a)). When the semi

conductor is fully depleted the measured capacitance remains at the geometric 

capacitance of C1 in series with CD over the whole frequency range (dark blue 

curve in Figure 2.l0(a)). Both the C-f and G/w-f plots show the relaxation 

frequency increasing with depletion layer width, as predicted by Equation 2.20. 

The preceding analysis relates to doped semiconductors in which a depletion 

layer forms in the semiconductor adjacent to the insulator when suitably biased. 

However, if depletion voltages only reduce the free charge carrier concentration 

in the bulk semiconductor and there is no depletion region, the bulk resistivity 

will increase and both Cr and CB will remain constant. Analysis of Equation 2.17 

reveals that as R8 increases JR shifts to lower frequencies as plotted in Figure 

2.11. In contrast to a semiconductor where a depletion region exists, there is no 

decrease in the low frequency capacitance or loss peak with further increases in 

depletion bias. 

The relaxation frequency associated with the circuit in Figure 2.8 implies that 

all the majority charge carriers have a single relaxation time (TR) - However, the 

hopping nature of thermally activated charge transport in organic semiconductors 

emanates from structural disorder. This results in a dispersion of majority carrier 

response times to an ac voltage, so that the experimental Maxwell-Wagner 

dispersion is much broader and lower than modelled in Figure 2.10 but still 

centred around TR- Cole and Cole introduced a complex impedance to model 

the distribution of relaxation times in dielectrics [77]. Torres applied this model 
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FIGURE 2.11: Frequency dependency of (a) capacitance and (b) loss for a MIS 
capacitor where 'depletion' voltages only reduce the free carrier concentration. 
Simulated wit h C1 = 450 pF, CB = 600 pF and RB increases from 4 x 103 D 

(black) to 1 x 108 n (cyan). 
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to the broad dispersions seen in organic semiconductors, where the equivalent 

circuit of Figure 2.8 was replaced by that shown in Figure 2.12 [78] . C1, C2 and 

FIGURE 2.12: Modified equivalent circuit for MIS capacitor to account for time 
constant dispersion. 

R2 in Figure 2.12 are related to C1 , C8 and RB by equations [78] 

and O < a < 1 is a fitting parameter. 

(2.21a) 

(2.21b) 

(2.21c) 

Figures 2.13(a) and 2.13(b) illustrate the effects of t ime constant dispersion on 

the C-J and G/w-f plots with different values of a. As a increases, the loss peak 
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clearly reduces in magnitude and the dispersion broadens. Concomitantly the 

transition slope in the C-f curve stretches out. 
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FIGURE 2.13: Simulated frequency response of (a) capacitance and (b) loss of 
a MIS capacitor in accumulation for different values of a. '\\Then a = 0 there 

is no time constant dispersion and the circuit reverts to Figure 2.8. 

Bulk resist ance can be determined using Equation 2.17 from the relaxation 

frequency measured with the MIS capacitor in accumulat ion. Bulk conductivity, 

CJ 8 , can then be determined using the equation 

(2.22) 

If the doping density (NA) has been found from C-V measurements (Equation 

2.12) , the bulk mobility can be calculated, since 

(2.23) 

This method has been used by various workers to determine the temperature 

dependence of conductivity in MIS capacitors. Measurements made over a range 

of temperatures allow the extraction of activation energies for thermally activated 

conductivity and mobility of organic semiconductors [73, 79, 80]. Lada found 

a transition in an Arrhenius plot of the conductivity of P3HT based devices 

which was attributed to a phase transition in the semiconductor [81]. Deviations 

from Arrhenius behaviour have also been reported for P3HT and polyarylamine 

transistors and ascribed to water related traps [82]. Extraction of the bulk 

mobility from admittance measurements has been used to monitor the effect 

of annealing on P3HT MIS capacitors [75]. 
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2.3 R eal MIS Capacitors 

The previous section introduced the basis for the characterisation of MIS 

capacitors. The deviation of real devices from the ideal behaviour provides an 

insight into the various factors which affect device performance. Such factors 

include trapped charges and work function differences. Charges may be trapped 

within the insulator, bulk semiconductor, or at the interface between them, all of 

which affect the measured admittance. Further problems arise from work function 

differences, lateral conduction and contact resistance. 

2.3.1 Flatband Voltage 

In an ideal MIS capacitor the work function difference, r.pms, is assumed to be 

zero and there are no charges present in the insulator. The flatband voltage, 

VFB , is also zero. A non-zero value of r.pms results in a shift of the experimental 

C- V plot from the ideal value by r.pms· Similarly any charges, Qi (in Coulombs 

per unit area), present in the insulator will cause a shift along the voltage axis 

dependent upon the polarity of charge present. For example, in a p-type MIS 

device, negative Qi results in a shift of VFB to higher positive bias. This is because 

negative charges in the insulator will screen some of the positive charges on the 

gate when the device is biased into depletion, effectively reducing the depletion 

layer width. The polarity of charges in the insulator can therefore be deduced 

from the direction of the shift of the C- V curve from its ideal location. The total 

shift in flatband voltage is 

(2.24) 

where Ci is the insulator capacitance per unit area. 

As organic MISFETs mostly operate in the accumulation regime, the turn-on or 

threshold voltage of these devices has been defined as the flatband voltage [83] . 

Instabilities in flatband voltage result in unreliable transistor operation, and may 

be caused, for example, by charge trapping at the interface or in the insulator 

[62, 84] or by mobile ions in the insulator [80]. However, the ability to control 

the threshold voltage in MISFETS allows 'pseudo-complementary metal-oxide 

semiconductor circuits' to be fabricated using single carrier organic transistors 
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[85]. C- V measurements are an effective way to study the stability, and effect of 

setting, VFB in organic MIS devices. 

2.3.2 Lateral Conduction 

Fabrication of organic MIS devices generally results in semiconductor layers which 

extend beyond the perimeter of the electrodes. Also the gate electrode is either 

not patterned or its area is greater than the ohmic top contact. Biasing such 

devices in the accumulation regime results in the accumulation layer extending 

beyond the periphery of the defining contact [86, 87]. Such effects can be modelled 

as a distributed R- C network as shown in Figure 2.14(a), where Rs is the sheet 

resistance (D/O) of the semiconductor and Ci is the insulator capacitance per 

unit area [87] . The R- C network can be approximated by the simplified circuit 

in Figure 2.14(b) [81]. 

Re 

I 

!MIS Capaci101 

(a) (b) 

FIGURE 2.14: (a) Equivalent circuit of MIS capacitor with a distributed 
R- C network due to excess semiconductor surrounding the top electrode. (b) 
Simplified circuit where the distributed R- C network is replaced by RL and 

CL. 

When a device is biased in accumulation the resistive elements are low in value 

and ac currents can flow laterally beyond the top contact, effectively increasing 

the device area [88]. At low frequencies, holes accumulated in this region can 

respond to the ac signal and the measured capacitance and loss both increase. 

As the frequency increases the contribution of the peripheral region to the 

total measured capacitance diminishes, and CM ~ C1 when the ac current no 

longer flows into the R- C network. When the device is partially depleted the 
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semiconductor layer is much more resistive, consequently only a reduced current 

flows beyond the patterned electrode, and there is little effect on the admit tance. 

Note the equivalent circuits also include additional elements Re and R1. Re 

represents the series resistance arising from contact effects at t he gate and top 

electrodes. The presence of Re gives rise to a dispersion in the frequency response 

at a relaxation frequency given by 

(2.25) 

where Cs is the series sum of C1 , Cs and CD [75, 81, 87]. 

R1 in Figure 2.14 represents the finite resistance of the insulator. Normally 

R1 » Rs and its effect on the MIS capacitor admittance can be ignored. However, 

where the insulators are leaky, t he loss at low frequencies, especially with the MIS 

capacitor biased in accumulation, can be very high. 

Figure 2.15 shows the effects of lateral conduction, contact resistance and 

insulator resistance on the frequency response of a MIS capacitor. R1 can be 

seen to mainly affect the loss plot at low frequencies (black lines), but has little 

effect on the capacitance. Lateral conduction (red lines) clearly increases the 

capacitance with a corresponding dispersion at low frequencies in the loss. The 

green curves in the figures show the combined effects of lateral conduction and the 

insulator resistance. A contact resistance, present in all plots, of 200 D causes the 

high frequency capacitance to fall, and the associated loss to peak at a frequency 

» 1 MHz. As all these dispersions are well separated they have negligible effect 

on the main Maxwell-Wagner dispersion at ~7 kHz. 

To avoid cross-talk in organic circuits various techniques have been used to 

pattern the organic semiconductor in an effort to reduce or eliminate lateral 

conduction between active devices. These include photo-lithographic patterning 

[89], photo-bleaching [88], evaporation through shadow masks [90], inkjet printing 

[91] and micro-contact printing [92]. Guard rings have been shown to be effective 

in reducing lateral conduction in organic MIS capacitors [75]. By keeping the 

guard ring, which surrounds the ohmic contact , at the same potential as the 

ohmic contact no current can flow between them. Therefore the effect of lateral 

conduction is minimized. This technique, though , has been shown to introduce a 

parasitic field-effect transistor into the structure [74]. The gap between the guard 

ring and ohmic contact form the channel of the transistor , which, similarly to 
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FIGURE 2.15: Effects of lateral conduction (red line), insulator resistance 
(black line) and contact resistance (all curves) on the frequency dependence 
of (a) capacitance and (b) loss of a MIS capacitor in accumulation. Frequency 
response simulated from the equivalent circuit of Figure 2.14(b) with C1 = 450 
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and Re= 2000. 
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the un-patterned device, can be represented by a distributed R-C network at 

accumulation voltages [7 4]. Experimental results revealed two loss peaks in the 

loss-voltage curve; the first occurring at accumulation voltages, and the second 

when the device was driven into depletion. Although these peaks were originally 

attributed to two separate distributions of interface states [75], it was later found 

that the one appearing in accumulation was caused by a contribution to the 

admittance from the parasitic transistor [74]. 

2.3.3 Bulk 'frap States 

Bulk trap states refer to those charges trapped in the semiconductor bulk, 

with one or more energy levels in the bandgap. In silicon, bulk traps are 

efficient recombination-generation centres for mobile carriers. Alternate emission 

of electrons and holes (generation) and alternate capture of electrons and holes 

(recombination) by bulk traps are the processes by which semiconductors regain 

equilibrium after a disturbance has been applied [64]. Bulk traps arise from 

impurities or structural defects in the bulk semiconductor. 

Bulk traps will only contribute to the admittance if the trap energy level is 

within a few kT / q of Fermi level, where carriers interacting with trap states lag 

the ac voltage. In silicon bulk traps located near midgap act as the most efficient 
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centres for the generation/recombination of mobile carriers, and their influence 

on the admittance is seen in inversion. However, bulk traps close to the Fermi 

level, located closer to the band edges, will contribute to the admittance with the 

device biased in depletion [93]. 

In organic devices bulk traps are usually located at the band edges [94]. 

Simulations by Scheinert et al. show that recharging of bulk traps can lead 

to degradation of the sub-threshold slope in transfer characteristics of OFETs 

[95, 96]. They also show that these traps are located near to the valence band. 

Figure 2. 17 shows the energy band diagram for a p-type MIS capacitor in 

depletion with a depletion width w. The Fermi level, EF, crosses the bulk trap 

level, Er, a distance Xe from the semiconductor/insulator interface and l from the 

depletion layer edge. Bulk traps located at Xe, within a few kT / q of EF, respond 

to the ac gate voltage, and contribute to the measured admittance. 

w 

Xe l , 
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' ' ' ' ~·--+:-- Ee 
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' ' ET 
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Distance 

FIGURE 2.16: Energy band diagram of a p-type MIS capacitor biased in 
depletion with a bulk trap energy level, Er (red line). The arrow indicates 

the crossover point where the Fermi level, EF, and Er coincide. 

Interestingly, as the bias voltage is increased, such that the MIS capacitor is 

driven further into depletion, X e moves further away from the interface, but the 

distance from X e to the depletion edge, l, remains constant. Thus the crossover 

point is always at the same energy level. Because the crossover point is always 

at the same energy, the majority charge density is constant and independent of 

gate voltage. As the time constant associated with bulk traps is proportional to 

the majority charge density, the bulk trap loss will peak at the same frequency 

irrespective of the gate voltage [93]. However, the magnitude of the loss peak will 

be dependent upon gate bias if the distribution of bulk states is not uniform. 
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Bulk states are modelled within the framework of Shockley-Read-Hall (SRH) 

statistics. This requires that: (1) bulk traps may only change occupancy by one 

unit of charge, (2) each trap has only one energy level which is independent of 

occupancy, and (3) capture of charge is instantaneous [64]. 

Following Nicollian and Brews, the hole capture, re and emission rates, re, are 

proportional to the concentrations of holes p(x, t) and bulk traps, nr, and the 

occupancy of states f (x, t) through the equations [64] 

rc(x, t) = Cpp(x, t)nr f (x , t), 

re(x, t) = epnr[l - f(x , t)], 

(2.26a) 

(2.26b) 

where Cp and ep are the probabilities of hole capture and emission respectively. 

Capture and emission of charges gives rise to an admittance 

Y, ( t) . q
2nrfo(l - Jo) 

P x , = Jw kT[jw(l - fo)/Cr>Po(x) - 1] (2.27) 

where k is Boltzmann's constant and Tis the absolute temperature. p0 (x) and f 0 

are the hole density per unit volume at x, and bulk trap occupancy Fermi function 

established by the gate bias [64] . Yv is the admittance of an R-C network, with 

a capacitance and conductance per unit area given by 

with a time constant T = Cr/Gr. 

(2.28a) 

(2.28b) 

An equivalent circuit of a MIS capacitor in depletion with bulk traps is provided 

in Figure 2.17. C BT and G BT are the capacitance and conductance for bulk traps 

located within a few kT / q of the crossover point. The depletion capacitance has 

been split at crossover into Cxc and Cw-xc· 
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FIGURE 2.17: Equivalent circuit diagram of a MIS capacitor in depletion with 
bulk t rap states. 

2.3.4 Interface States 
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Interface states are traps located at the interface between the insulator and 

semiconductor layers, with energy levels within the band gap. The presence of 

these states leads to device instabilities such as hysteresis and threshold voltage 

shifts in OFETs [58, 97] . Trap states may be formed by structural defects [98], 

energetic disorder due to polar insulators [60, 99], functional groups and chemical 

reactions of the semiconductor with oxygen or moisture [58, 82]. For example, 

the Cavendish group showed that hydroxyl groups at the interface act as electron 

traps. They demonstrated that elimination of hydroxyl groups allows ambipolar 

conduction in organic semiconductors [34]. 

In p-type semiconductors donor-like states, located near the valence band, are 

hole t raps which are neutral when empty and positively charged when full. 

Conversely acceptor-like states or traps are neutral when filled and negatively 

charged when empty, and are located in the upper half of the band gap. Only those 

traps located within a few kT / q of the Fermi level interact with the valence band 

by capture and emission of holes. The occupancy of interface traps is determined 

by t he Fermi Level; traps below t he Fermi level are empty and those above are 

full , as shown in Figure 2.18. 

The change in occupancy of interface t raps in response to a small ac voltage 

results in a measurable change in admittance depending upon the response t ime 

and density of the states. In the mid frequency range where capture/ emission 

of majority carriers by interface traps lags t he applied ac signal an energy loss 

results. However , at sufficiently low frequencies where interface t raps can easily 

follow the applied signal and at high frequencies where they are unable to respond 
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FIGURE 2.18: Energy band diagram of p-type MIS capacitor biased in 
depletion. Interface states below Eps are empty, and those above are full. 
The arrow indicates charge exchange between interface states and the valence 

band. 
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no loss is seen. Because interface traps store charge for some time after capture, 

a capacitance is also associated with the density of interface traps. 

Capture rates of interface traps depend on the concentration of majority carriers 

at the semiconductor surface, which in turn is determined by the band-bending. A 

peak in the loss is observed when capture rates equal the frequency of the applied 

ac signal. Because the density of majority charge carriers, and hence capture rate, 

is modulated by the band-bending the loss peak will occur at different frequencies 

determined by the gate voltage. The magnitude of the loss peak depends on both 

the density and capture rate of interface states interacting with majority carriers. 

If the admittance of a MIS capacitor is obtained at a fixed frequency, with the gate 

bias swept from accumulation to depletion, the ac loss associated with interface 

states will be seen to peak with the device in depletion. For p-type devices biased 

into accumulation the Fermi level is close to the valence band and hole capture 

rates are very fast due to the high density of majority carriers. However, with the 

device biased in depletion the valence band moves further away from the Fermi 

level and the density of majority carriers reduces. Consequently capture rates 

also reduce and interface state response lags the ac signal, producing an energy 

loss. The maximum loss is observed when the ac frequency equals t he capture 

and emission rate of the interface states. 
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The capacitance associated with the interface states also has an effect on the 

C- V response, where stretchout along the gate bias axis is observed [64]. In 

a trap-free MIS capacitor charge neutrality is maintained because charges on 

the gate are compensated by charges at the surface. Changing the gate bias 

changes the density of charge, Qc on the gate, consequently band-bending in 

the semiconductor changes the surface charge population, Qs to maintain charge 

neutrality. In MIS devices with interface states both Q8 and trapped charge 

density, QIT, change with bias. Charge neutrality is now maintained when Qc + 
Q8 + QIT = 0. Thus the induced change in band-bending is less for devices with 

traps than those without, and the transition from accumulation to depletion 

occurs over a wider range of gate voltages. This results in stretchout of the C- V 

curve if interface states are distributed in energy over the semiconductor bandgap 

[64, 100]. However, if the trap has a discrete energy level, a small step or plateau 

will be seen in the C- V curve [101]. 

One of the most sensitive methods for determination of interface traps is 

the conductance method developed by Iicollian and Goetz berger [102]. This 

technique has also been used for extracting interface state densities in organic 

devices [103- 105]. 

2.3.4.1 Single Level Interface Traps 

Nicollian and Goetzberger determined the admittance for interface traps using 

the same Shockley-Read-Hall model used for bulk traps (Section 2.3.3). The 

capacitance, Cir, and conductance, GIT, of the interface traps can be represented 

by equations which resemble those for bulk traps (Equations 2.28) 

(2.29a) 

(2.29b) 

where Nr is the density of interface traps per unit area, Ps is the hole density 

per unit volume at the interface and f 0 is the Fermi function for interface trap 

occupancy in thermal equilibrium [102]. 

In deriving the admittance for single level interface traps, N icollian and Goet

z berger assumed that trap energy levels are well separated in energy [102]. The 
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presence of these traps introduce a capacitance, CIT, and resistance, R1r , into 

the equivalent circuit of Figure 2.9 as shown in Figure 2.19. 

CD Rs 

Re 

-I 
C1 

RIT Cir Cs 

FIGURE 2.19 : Equivalent circuit for a MIS capacitor with a single level 
interface state. 

The equivalent parallel capacitance and loss derived from the admittance of the 

depletion branch of the equivalent circuit are [64] 

Cir 
C p = CD + 1 + (WT ) 2 

Gp C JTW T 

W 1 + (wT)2 

where the t ime constant of the interface state is given by 

(2.30a) 

(2.30b) 

(2.31) 

and Vth is t he thermal velocity of holes, <Jp t heir capt ure cross section and N v 

the density of states. From Equations 2.30 the maximum in the loss occurs when 

WT= 1, with a peak value of CJT/ 2. 

2.3.4.2 Distribution of Interface States 

Interface states are not normally found at single energy levels, but in a 

distribut ion of energy levels which are so closely spaced that they form a 

cont inuum of states. Each energy level can be represented by the parallel 

combination of R-C branches as shown in the equivalent circuit diagram in Figure 

2.20(a) . C1ri and R1ri represent the capacitance and resistance of the ith energy 

level. Equivalently, the i R-C elements representing each trap can be represented 

by the frequency dependent components R(w) and C(w) in Figure 2.20(b). 
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F IGURE 2.20: (a)Equivalent circuit for a MIS capacitor with a continuum 
of interface state energy levels. (b) Simplified circuit of ( a) where the R-C 

branches have been lumped into frequency dependent components. 

Despite the continuum of states only those interface states wit hin a few kT / q 

of the Fermi level change occupancy and contribute to the circuit admittance. 

The interacting interface states will respond to an ac signal with different time 

constants resulting in a broader loss peak than that observed for a single interface 

state energy level. 

For a continuum of states the equivalent parallel capacitance and loss are now 

[64] 

(2.32a) 

(2.32b) 
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where CIT= q2 DIT is the interface state capacitance and DrT is the density of 

interface states per unit area per eV. The loss peak, from Equation 2.32(b) , now 

occurs when WT= 1.98 and has a peak value when Gp/w = 0.4CrT• 

In order to extract interface state properties using the method described by 

Nicollian and Goetzberger, the measured admittance must first be converted 

to an impedance, ZM = 1/YM , ZM is the series sum of the impedances of the 

insulator, ZI = 1/jwCI, and semiconductor. Subt raction of ZI from ZM yields 

the admittance, Yp =Gp+ jwCp, of the semiconductor, where Gp and Gp are 

defined by Equations 2.30 and 2.32 for single energy level traps and distributions 

of traps respectively. DIT is then determined from the loss peak in the Gp/w 

plot. 

The conductance method for extracting the interface state density profile entails 

detailed analysis of admittance measurements obtained over a range of frequencies 

and biases. Hill and Coleman (HC) introduced a simpler technique to approximate 

the density of interface states directly from t he measured admittance. Their 

approach only requires a C- V and corresponding G /w- V measurement obtained 

at a single high frequency. This method is valid for trap densities less than 1 x 1011 

cm- 2ev - 1 [106, 107]. Provided the frequency of measurement is sufficiently lower 

than the Maxwell-Wagner dispersion, D IT is approximated from 

D _ ~ G M(max)/w 

IT - qA (GM(max) )
2 + (l - CM(max))

2
' 

wC1 Cr 

(2.33) 

where G M(max) is the peak loss in the G /w- V plot and C M(max) is the associated 

capacitance at the same bias obtained from the corresponding C- V plot. 

The interface state energy level, EIT, can be determined from the surface 

potential, 'l/Js, when the loss in a G/w- V plot is at its maximum [40, 105] 

nl, - E - E - qNA E:scoA
2 

_1_ 
'!-'S - IT Fb - 2 · C2 , 

D 
(2.34) 

where EFb is the bulk semiconductor Fermi level. 
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2.3.5 Insulator States 

Defect states within the insulating layer may also exchange charge carriers with 

the semiconductor via a tunnelling process [108]. The distribution in depth of 

these states leads to a range of response times result ing in a broad loss peak. The 

highest probability for tunnelling into the insulator occurs with the MIS capacitor 

in accumulation, and this corresponds to the maximum contribution of insulator 

states to the admittance. 

Insulator t raps located a distance x from the interface have a capture cross section 

which decays exponent ially with their distance ~ e-2
K x (K is t he wavevector of 

carriers in the insulator) [109]. Hence losses due to these traps exhibit both a 

time constant dispersion and an asymmetric loss peak, where the loss decays 

faster on the high frequency side of the dispersion. These traps also contribute 

to the capacitance in accumulation, making the measured value higher than the 

insulator, C 1 . As the MIS device is biased toward depletion, the surface carrier 

density decreases and the associated time constant for these traps mcreases, 

causing the loss to peak at lower frequencies. 

The equivalent circuit corresponding to a MIS device with insulator states is 

shown in Figure 2.21, from which the admittance of the insulator is 

(2.35) 

where Gr and Cr are the conductance and capacitance of t he insulator states. 

Ci Rs 

Re 

Co 

Cr Cs 

Rr 

F IGURE 2.21: Equivalent circuit for a MIS capacitor wit h insulator states. 
From ref. [78]. 
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2.4 Photo-Assisted Admittance 

Determination of interface state properties in the dark using the conductance 

technique is limited to those which interact with majority carriers [64]. In a 

complementary method, described by Poon and Card, steady state illumination 

of the semiconductor by bandgap light allows the interface state density and 

capture cross sections for minority carriers to be determined [110]. 

For a p-type semiconductor in depletion the combination of gate bias and 

irradiance will move the electron quasi-Fermi level closer to the conduction band 

[110]. Photons absorbed in the space charge region will generate mobile charges 

and minority carriers within a diffusion length of the semiconductor surface will 

respond to an ac signal. Interaction of minority carriers with interface states will 

contribute to the measured admittance. The density and cross section of interface 

states can then be extracted from the measured admittance following the method 

of Nicollian and Goetzberger. 

Photo-generation of minority carriers has also been used in the determination 

of interface states of wide bandgap semiconductors such as silicon carbide (SiC) 

and gallium nitride (GaN) [111- 113]. Thermal generation of minority carriers in 

these materials has been estimated to be of t he order of years, hence researchers 

use a photo-assisted C- V method to generate minority carriers. Initially the gate 

voltage of MIS capacitors is swept from accumulation to depletion in the dark. At 

the end of this forward sweep, the bias is held constant and the device illuminated 

so that an inversion layer of minority carriers populates the surface. After t he 

capacitance reaches an equilibrium value the light is extinguished and the gate 

bias is swept back to accumulation. This results in hysteresis caused by carriers 

trapped in interface states. The average density of states is then deduced from 

the voltage shift, .0. V , via the relation [111] 

(2.36) 

where D 1r is the average interface state density per unit area per eV, Ci t he 

insulator capacitance per unit area, q the electronic charge and E9 the bandgap 

of the semiconductor. 

Steady state illumination of organic devices has been used to assess the effect 

of interface states on minority carriers [62, 114] . Both an increase in the 
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minimum depletion capacitance and hysteresis were observed when the devices 

were subjected to bandgap light. In this case the number of trapped electrons per 

unit area, Nr, was estimated from the shift in flat band voltage ~ VFB using the 

relation [62] 

N _ Ci~VFB ( ) r--- 2.37 
q 

The increase in minimum capacitance was related to a reduced depletion layer 

width ~d caused by an inversion layer of minority carriers. The number of 

minority carriers is therefore [62, 115] 

(2.38) 

because charge neutrality is maintained by a reduction in the depletion layer 

width to compensate for the increased population of minority carriers. 

2.5 Charge-Coupled D evice 

The Charge-Coupled Device ( CCD) was invented by Boyle and Smith at Bell 

Labs in 1969 [63]. Originally designed as a shift register for use in a bubble 

memory device, they realised that charge could be injected by the photoelectric 

effect enabling images to be stored electronically. CCD arrays consist of a number 

of MIS capacitors in close proximity, which can collect and store minority charge 

[116]. 

A cross-sectional view of a CCD structure with three cells is shown in Figure 2.22. 

For a device with a p-type semiconductor, a potential well is formed under the 

gate when positively biased. The adjacent gates are negatively biased to create 

potential barriers. When a photon of light with sufficient energy to produce an 

electron-hole pair is absorbed by the semiconductor, the electron is confined to 

the well and the hole diffuses away. During the integration period of light exposure 

photo-generated carriers are collected in the well. Thus across an array of CCDs 

the pattern of stored charge corresponds to the pattern of light detected. 

Careful manipulation of t he gate biases move the potential wells, with the charge 

following [116]. In this manner the charge can be directed toward an output node 

whereupon it is detected by a charge amplifier. A schematic of a three-phase 
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FIGURE 2.22: Cross-sect ion of a CCD structure. Photo-generated electrons are 
confined to a potential well. 
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CCD, where every third gate is connected to the same clock, is shown in Figure 

2.23. Referring to Figure 2.23(b), at t = t 1 photo-generated charge is confined in 

potential wells under the ¢1 electrodes. After t he integration period, at t = t 2 , 

t he ¢2 electrodes are biased positively beneath which potent ial wells form and 

the stored charge migrates into the ¢2 wells. At t = t3 the bias on ¢1 is gradually 

reduced and the charge remaining under the ¢1 electrodes drift into the ¢2 wells. 

At t = t4 all the charge has been transferred and is stored in the wells under the 

¢2 electrodes. At t = t5 the ¢3 electrodes are positively biased forming potential 

wells in the semiconductor. The stored charge under the ¢2 wells now migrate 

to the wells under the ¢3 electrodes. This process continues unt il the charge has 

moved along the array of MIS capacitors. The timing diagram for this process is 

shown in Figure 2.23(c). 

The depth of the potential well depends on the applied gate bias. As described in 

Section 2.2.1.3, when a positive voltage is applied to the gate electrode of a p-type 

MIS capacitor t he bands in the semiconductor bend down and a depletion region 

is formed. The band-bending at the surface, 'l/Js, defines the depth of the potent ial 

well [116]. Photo-generated electrons collected in the potential well reduce the 

level of band-bending resulting in a change in '!/Js -

The maximum density of electrons that can be stored in a MIS capacitor is [116] 

(2.39) 

where Ci is the insulator capacitance per unit area and Ve is the voltage applied 

to the gate electrode. 
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FIGUR E 2.23: Charge transfer in 3-phase CCD. (a)Gate bias scheme, (b) 
Potential well profile during charge transfer , ( c) Clock t iming waveforms. 

Adapted from Ref.[40]. 

The mechanisms for charge transfer between MIS capacitors in a CCD array are 

[40] 

• Self-induced drift caused by an electric field resulting from the uneven 

distribut ion of charge in the well. This is the dominant mechanism for a 

large signal charge density, Qsig· The transfer time due to drift is given by 

[40] 
1rL2C1 

to= ---, 
2µnQsig 

(2.40) 

where L is t he length of the electrode, µn is t he mobility of the minority 

charge carriers. 
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• Fringing field drift caused by the potential difference between the gates. 

When a bias is applied to adjacent gate electrodes, the electric potent ials 

give rise to an electric field between them. This fringing field ensures all the 

charge carriers are transferred. 

• Thermal diffusion is the dominant process for small densities of charge, and 

has a time constant given by 

4L2 

tth = ~D' 
1f n 

where Dn is the minority charge carrier diffusion constant[40]. 

(2.41) 

These t ime constants for charge t ransfer provide some of the constraints relating 

to the clock frequency. The clock period has to be long enough to allow charge 

transfer. It can be noted from Equation 2.40 that for short transfer times the 

minority mobility, µn, should be high and both the electrode spacing and C1 

should be minimised. Another consideration is the dark current which contributes 

to the total charge in the CCD, and impacts upon the storage t ime of the MIS 

capacitor. The ratio of the maximum charge density to dark current density, Jda , 

defines the maximum storage time, i.e. [116] 

(2.42) 

where 6. V is the height of the barriers between potent ial wells. 

As the CCD operates as a shift register, the amount of charge transferred from the 

CCD cells to the output is crucial to the device response. For a useful device its 

Charge Transfer Efficiency (CTE) must be better than 99.9999 % which results in 

a loss ((1 - CT En) x 100 %, where n is the number of transfers) of only 0.01% of 

charge in 100 t ransfers. An efficiency of 99 % would result in 63 % of charge being 

lost. For silicon CCDs, CTE is limited by charge traps at the semiconductor

insulator interface. 

Interface states in MIS structures trap charges at the interface as discussed 

in Section 2.3.4. The effect of interface traps on the charge transfer efficiency 

depends on the clock frequency Uc). Charges which are released quickly from 

their traps (i.e. « 1/ l e) rejoin the charge packet ; charges which are released after 

a long period (i.e. » 1/ l e) are considered to be permanently trapped. Neither 
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of these two conditions contribute to transfer inefficiency. However if t he release 

period ~ 1/ f c, t he trapped charge will be released into following packets and 

contribute to transfer inefficiency [116]. The charge transfer inefficiency due to 

trapping at the interface is [40] 

(2.43) 

where 6:1/;5 is the change in surface charge caused by the signal charge, D ir the 

interface trap density, Ci insulator capacitance per unit area and Nv is the number 

of clock phases. 

T he buried channel CCD (BCCD) avoids interface traps by forming a channel 

beneath the surface. A layer of n-type semiconductor separates t he p-type 

substrate from the insulator. This layer is fully depleted with the charge kept 

away from the interface, resulting in higher mobility and lower dark current. The 

capacity of the potential wells, though, is reduced due to their increased distance 

from the gates [116]. 

A related device, the charge injection device (CID), also consists of an array of 

MIS capacitors. As with the CCD, photo-generated minority charge is collected in 

potential wells under the gates during an integration period. Arrangement of the 

capacitors in pairs, as in Figure 3.5 enables x-y addressing of pixels. During the 

integration period the electrodes are biased such that VRaw > Veal, where VRaw 

and Veal are the voltages applied to the row and column electrodes respectively. 

Consequently a deeper potential well exists under the row electrode where all 

t he photo-generated charges are stored (Figure 3.5(a)). Assuming the flatband 

voltages of the capacitors are both ~0 V, a pixel is selected by setting VRaw to 0 V, 

whereupon the associated potential well collapses and the stored charges transfer 

to the column capacitor (Figure 3.5(b)). When Veal is also set to zero, its well 

collapses and a displacement current can be detected, either at the gate or at the 

semiconductor contact, as the stored charge is injected into the semiconductor 

bulk (Figure 3.5(c)) [117] . 

In a subsequent paper Burke and Michon described an alternative non-destructive 

readout method ( called parallel injection) wherein the stored charge could be read 

a number of times ( at 30 frames per second) over an extended period of 3 hours 

without detectable loss [118]. In this case the displacement current was sensed at 

the gate whilst the charge was transferred from one potential well to the other. As 
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FIGURE 2.24: CID device cell. Two potent ial wells are controlled by the column 
and row gates. (a) Photo-generated charges are stored under the row electrode. 
(b) V Row is set to zero and the stored charge transfers to the column capacitor. 
(c) The potent ial well collapses when Vc ot to zero and the stored charges are 

injected to the semiconductor bulk. Adapted from [65]. 
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this process is similar to charge transfer in a CCD it provides a relatively simple 

test structure to determine if charge transfer is possible in organic materials. 

Although there are many examples of photo-detector arrays using organic 

photodiodes as the sensor [48, 119, 120], there are few, if any, articles regarding 

CCDs using an organic semiconductor. In his thesis, Huang concludes that an 

organic CCD would be viable, and capable of producing images at a high clock 

rate due to the short lifetime of the charge carriers. Photo-lit hographic masks 

were designed, but there were no experimental results given [121]. 



Chapter 2. Metal-Insulator-Semiconductor Capacitors 46 

2.6 Absorption of Light in Semiconductors 

The response of photo-detectors to light depends upon absorption of photons with 

energy greater than the semiconductor bandgap E9 , i.e. photons with wavelength 

(2.44) 

where h is Planck's constant and c is the speed of light . Absorption of bandgap 

light creates coulombically bound electron-hole pairs ( excitons) which may 

recombine or dissociate into free charges if subjected to an electric field of 

sufficient strength [9]. The number of excitons generated depends on the number 

of photons absorbed within the semiconductor layer. In this work, knowledge of 

the number of absorbed photons enabled the development of a simple model to 

help explain the effect of light on the C- V response of MIS capacitors. 

In Figure 2.25 light of irradiance I0 is incident onto a semiconductor surface. 

Some of the incident light will be reflected. The proportion r I0 , reflected from 

the surface is given by the semiconductor reflection coefficient r [122] 

r= (~)2 
n+ 1 ' 

(2.45) 

where n is the refractive index of the semiconductor. 

Insulator -r- Semiconductor 

Io ~ ----- -• ~ r 10 ◄- -
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◄- - x ~ 
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d 

FIGURE 2.25: Schematic illustrating optical absorption in a semiconductor 
layer. 

The remaining light is either absorbed by the semiconductor, or passes through 

it. Light intensity decays exponentially through the semiconductor layer, and 

(from the Beer- Lambert-Bouguer law of absorption) at a distance x from the 
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insulator/semiconductor interface is given by [122] 

I (x) = Io(l - r)e-ax (2.46) 

where e-ax is the proportion of light transmitted and a is the absorption 

coefficient which can be written in terms of the Imaginary part of t he complex 

refractive index, k 
41rk 

Q=-,\ . (2 .47) 

Applying Equation 2.46 to n- k data for P3HT (kindly provided by Dr. T. Jenkins 

at Aberystwyth University) reveals the dependence of absorption at different 

wavelengths on both distance, x and n- k values. This is presented in Figure 2.26, 

where the fraction (I/ 10 ) of light has been plotted as a function of distance (x) 

in to the semiconductor. 
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F IGURE 2.26: Fractional intensity of light as a function of distance calculated 
using Equation 2.46 for P3HT. 

It follows from Equation 2.46 that the proportion of light absorbed in the 

semiconductor is (1 - e-0 x) . For monochromatic light the photon flux incident 

on the device (per unit area per second) is 

(2.48) 
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Thus the fract ion of photons per unit area per second, N>. , of wavelength >. 
absorbed in a semiconductor layer of thickness d is [122] 

(2.49) 

However it should be noted that this analysis does not include the contribution 

of photons absorbed following reflection from the rear surface. 

2.7 Summary 

The theory and operation of MIS capacitors has been reviewed. Although based 

on st andard MOS capacitors, it serves as a basis for the characterisation of MIS 

structures with an organic semiconducting layer. Depending upon the applied DC 

bias the MIS device operates in accumulation, flatband or depletion. Inversion 

in organic MIS capacitors is not observed due to the extremely long generation 

time for minority carriers. 

Admittance measurements are sensitive to the effects of defects within an MIS 

device. Capacitance and loss as functions of frequency exhibit dispersions relating 

to semiconductor conductivity, defect states, lateral conduction, insulator and 

contact resistances. The main relaxation observed is the Maxwell-Wagner (M-Vv) 

dispersion, caused by the majority carrier response time. Bulk conductivity and 

mobility can be determined from this relaxation frequency. In low mobility 

semiconductors the M-W relaxation generally occurs at frequencies below 1 MHz 

and should increase as the MIS capacitor is biased into depletion. Also, t he 

maximum capacitance at low frequencies reduces for depletion voltages. These 

changes in capacitance and loss are characteristic behaviour for a MIS capacitor 

driven into depletion. Dispersion of carrier response t imes results in a broadening 

and decrease in magnitude of the M-W loss peak. 

In devices with unpatterned gates and semiconductor layers, lateral conduction 

effectively increases the device area, leading to an increase in the low frequency 

capacitance and loss. Guard rings reduce lateral conduction effects but introduce 

a parasitic FET. Increased loss is also seen where the device has a leaky insulator. 

The presence of a resistance associated with the contacts leads to a dispersion 

with a relaxat ion frequency » 1 MHz. 
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Interaction of majority carriers with defect states also affects the admittance with 

the MIS capacitor in depletion. A distribution of interface states causes stretchout 

of t he C- V curve, and the corresponding loss peaks at a bias where the interface 

state capture rate equals the ac frequency. Interface states also display a peak in 

the G/w-f curves with a t ime constant and magnitude dependent on the bias. 

As the device is driven further into depletion the time constant increases and the 

peak magnitude decreases. 

Bulk states only affect the admittance when devices are biased in depletion, where 

a dispersion occurs, independent of bias, at a fixed frequency in G /w-f curves. 

The magnitude of the loss peak only changes with bias for a non-uniform density 

of traps in the bulk. In G/w- V curves, measured at a frequency that probes the 

bulk states, the associated loss will be constant. Bulk states will also make a 

contribut ion to the capacitance in depletion. 

The loss peak associated with insulator states is both frequency and bias 

dependent. Capture and emission of majority carriers by insulator states occurs 

via a tunnelling process. The maximum loss occurs in accumulation when the 

probability for tunnelling is highest. 

Irradiation of wide bandgap semiconductors with light of suitable energy 

generates electron-hole pairs. In depletion, photo-generated minority carriers can 

form an inversion layer and interact with states at the interface. There is, though, 

a lack of evidence that inversion layers are formed in organic semiconductors. The 

density of interface states for minority carriers can be extracted from hysteresis 

in C- V curves or from the loss peak in G/w- V curves using the conductance 

method. 

Charge-coupled devices ( CCD) are arrays of MIS capacitors. Depending on the 

biases applied, minority carriers are stored in potent ial wells or transferred to 

an adjacent MIS capacitor. Charges drift between capacitors under the influence 

of an electric field due to the potent ial difference between their gate voltages. 

Trapping of charges in interface states causes a smearing of the charge packet 

between capacitors during the t ransfer process, and therefore affects the charge 

transfer efficiency. Thus the semiconductor/ insulator interface must have a low 

density of traps. The charge injection device (CID) is very similar to the CCD, 

and allows x-y addressing of pixels. There are no experimental results for an 

organic CCD published in the literature, although a photo-lithographic design 
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has been reported. A device structure based on the CID provides the opportunity 

to investigate charge transfer between two organic MIS capacitors, from which 

the viability of an organic CCD array can be assessed. 

It is clear from this chapter that implementation of an organic CCD depends 

upon a number of issues which require further investigation, for example: 

• The stability of the flatband voltage. 

• Charge trapping either at or near the semiconductor/insulator interface. 

• Conductivity and mobility of the semiconductor. 

• Optical response of the MIS capacitor. 

• Minority charge trapping under illumination. 

• Transfer of minority carriers between adjacent MIS capacitors. 

These are the subject of the subsequent chapters. 



Chapter 3 

Materials and Methods 

3.1 Introduction 

The materials, fabrication techniques and experimental methods used during the 

work undertaken at Bangor are provided in this chapter. Poly(3- hexylthiophene) 

was used as the active layer in Metal-Insulator-Semiconductor (MIS) capacitors, 

Charge Injection Devices (CID) and capacitor arrays. The insulating layers for 

t hese devices (as well as the Metal-Insulator-Metal (MIM) capacitors) were either 

the epoxy resin SU8 or a spin-on-glass (polysilsesquioxane). All t hese materials 

have been extensively studied, so a brief overview of them is provided here. 

3.2 Materials 

3.2.1 Poly(3-hexylthiophene-2,5-dilyl) 

Poly(3- hexylthiophene) (P3HT) belongs to the group of polymers known as 

polythiophenes (PTs). One of the first PT's, poly(2,5-thienylene) (synthesized 

independent ly by both Yamamoto et al. [123] and Lin et al. [124]), exhibited 

high conductivity. T his was due to the strong ?r-orbital overlap of neighbouring 

thiophene rings, whose conjugated backbone was similar in structure to both 

trans- polyacetylene and poly (p-phenylene). The unsubstitued PT is insoluble, 

however addition of alkyl side chains provided poly(3-alkylthiophene) (P3AT) 

derivatives which were soluble in organic solvents [125], leading to solution 

51 
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processed organic FETs with poly(3- hexylthiophene) as the semiconducting layer 

[126]. There are three possible ways in which thiophene units can couple: head-to

tail (HT), head-to-head (HH) and tail-to-tail (TT). Steric hindrance in HH and 

TT couplings twists the structure resulting in reduced 1r-orbital overlap [127]. 

McCulloch (and later , Rieke [128]) synthesized highly regioregular P3ATs (RR

P3AT) with a HT regioregularity of > 98 % [129], which led to improved field

effect devices with mobilities ~ 0.045 cm2 / Vs [130]. 

Solution deposition of HT RR- P3HT (Figure 3.1) results in a crystalline film, 

ordered as a two-dimensional lamella structure due to interchain stacking [131]. 

Being soluble in organic solvents such as chloroform, toluene and xylene, various 

solution deposition techniques can be used [132] . It has been used for various 

organic electronic devices, e.g. OFETs, Schottky diodes, photovoltaic cells and 

photodiodes [8, 133-135]. 

F IGURE 3.1: Structure of regioregular P3HT . 

P3HT is a p-type material, i.e. one in which the majority carriers are holes 

(positive charges), although ambipolar conduction has been demonstrated [34, 

136]. When left in the ambient P3HT is prone to oxidative doping; a high doping 

concentration makes it unsuitable as a semiconductor. Annealing devices under 

vacuum to remove dopants is common practice, and leads to improved device 

performance [137]. More recently Baeg and co-workers fabricated optimized top 

gate OFETs in which P3HT was spin-cast on to high work-function electrodes 

(platinum) and subsequently annealed, result ing in devices with mobilities as high 

as 0.4 cm2 /Vs. These top-gate devices also exhibited improved air stability due 

to the encapsulating effect of t he low permeability gate dielectric [138]. 
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3 .2 .2 SU8 

SUS is a negative near-UV epoxy photo-resist developed by IBM (US Patent 

No. 4882245 (1989)) and has found widespread use in MElVIS and micro-fluidics 

applications [139]. SUS has also been used as the dielectric in flexible single crystal 

silicon thin-film transistors [140] and both pentacene and P3HT OFETs [141]. 

SUS photoresist is a liquid containing the SU8 epoxy resin, solvent ( either 

cyclopentanone or gamma butyrolactone (GBL)) and a photo-acid generator. 

\;\,!hen exposed to UV light Lewis acids (HSbF6) are produced, which. during 

a postexposure bake, cause the epoxy groups to cross-link. Each SU8 molecule 

(Figure 3.2) has eight epoxy groups which, upon photopolymerization. yields a 

high degree of crosslinking, enabling the resin to form an extremely robust ladder

like structure [142]. 

J J J J 
0 0 0 0 

F IGURE 3.2: SU8 molecule with eight epoxy groups. 

Coating of substrates with SUS is performed by the conventional spin coating 

technique, which leads to film thicknesses ranging from 0.5 µm up to 2 mm. 

although thinner layers may be obtained by thinning the resist in the appropriate 

solvent.. 

3 .2.3 Polysilsesquioxane 

Polysilsesquioxanes are inorganic- organic compounds which contain silicon and 

oxygen in each moiety (sequence) in the ratio 1:1.5 (sesqui). Their empirical 
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formula is RSi01.5 , where R is an organic functional group such as an alkyl 

or aryl [143]. They are solution processible (being soluble in common organic 

solvents) and thus can be spun on to produce thin films, and are often referred to 

as spin-on-glass. The structure of PSQ changes from a mixture of cage/network 

forms (Figure 3.3(a)) to a more network-like form upon curing (Figure 3.3(b)). 

(a) Cage form of PSQ. (b) Network form of PSQ. 

FIGURE 3.3: Different forms of cured PSQ. 

After deposition, films may be cured at various temperatures; temperatures up to 

about 350 °C result in soft films, whereas temperatures up to 550 °C provide hard 

porous films. Bao et al. used poly(methylphenyl)siloxane as the dielectric layer in 

organic field-effect transistors (OFETs) [144] . These films were partially cured at 

only 135 °C, leaving a few hydroxyl groups (- OH) at the surface, improving the 

effectiveness of surface modification with silanes. Curing at 400 °C will remove 

most of the hydroxyl groups leaving an inorganic layer with properties similar to 

SiO2 [1 43]. 

3.3 Fabrication of MIS and MIM Capacitors 

This section details the fabrication (within a class 1000 cleanroom) of MIS and 

MIM capacitors used for electrical characterisation. The structure of MIS devices 

is shown in Figure 3.4. 

Indium Tin Oxide (ITO) coated glass (Rs= 5- 15O/D, Delta Technologies) were 

cleaned in a solution of 20 % ethanolamine in ultrapure water, following the 

manufacturer's recommended procedure. The ITO provided a common gate for 

several devices on each substrate. Prior to deposition of the insulator, substrates 



Chapter 3. Materials and Methods 

Gold contacts 

P3HT 

Dielectric 

ITO-coated glass 
substrate 

FIGURE 3.4: MIS capacitor structure illustrating how the layers were cleaned 
to provide access to the ITO layer. 
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were dried by baking at 200 °C for 30 minutes, and used immediately after cooling 

to room temperature. 

The organic layers were then processed as detailed in t he following sections. 

3.3.1 SU8 Dielectric Layer 

Initially, for devices with SU8 as the insulating layer , SU8 2002 (Microchem) 

was used 1
. This provides layers approximately 2 µm thick. Thinning with 

cydopentanone in a 50:50 ratio produced layers ~500 nm thick. After filtering 

using 0.2 ~tm PTFE filters, the SU8 resist was spin coated in two steps: an init ial 

spreading phase at 500 rpm for 5 seconds, followed by a faster 'thinning' phase 

at 2000 rpm. Prior to curing, a small area was cleaned off using cyclopentanone 

to facilitate electrical connection to the ITO gate. Finally the SU8 was cured as 

detailed in Table 3.1. 

Stage 
1 
2 
3 
4 

Detail 
Soft bake on a level hot plate at 95 ° C for 1 min 
Irradiate with UV at 120 mJ/cm2 

Post exposure bake at 95 °C for 1 min 
Ramp to 200 °C and bake for 30 min 

T ABL E 3.1: Curing process for SU8 dielectric layer. 

1 Ivlicrochem now produce SU 8 2000.5 for 500 nm thick layers. which was used in the latter 
stages of this project.. 
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3.3.2 PSQ Dielectric Layer 

The PSQ insulator was prepared by dissolving phenyl-methyl-silsesquioxane (90% 

phenyl, 10% methyl, Gelest Inc.) flakes in 2-butanone (10% wt.). The flakes 

dissolved readily within a few minutes and no agitation was necessary - care must 

be exercised to prevent formation of micro-bubbles in the solut ion, which would 

result in pin-holes in the film. The prepared mixture was either used immediately 

or kept in a refrigerator until required. Prior to spin-coating for 60 s at 1000 

rpm, the PSQ solution was filtered through a 0.2 µm PTFE filter and heated on 

a hotplate at 60 °C for 1 minute. A small portion of the film was removed with 

solvent to allow connection to the ITO after which the film was cured in stages 

as detailed in Table 3.2. 

Stage 
1 
2 
3 
4 
5 
6 

Detail 
Ramp to 90 °C ( on level hotplate) and dwell for 1 min 
Ramp to 130 °C, dwell for 1 min 
Ramp to 250 °C, dwell for 1 min 
Place in nitrogen oven (preheated to 250 °C 
Ramp to 425 °C, dwell for 1 hour 
Cool to room temperature overnight in nitrogen oven 

TABLE 3.2: Curing stages for PSQ dielectric layer. 

3.3.3 Surface Treatment 

Surface treatment of the dielectric layers is known to improve the ordering of the 

semiconductor layer[l33]. In these studies hexamethyldisilazane (HMDS, Sigma 

Aldrich) was deposited on to the cured dielectric layers and left for 1 minute 

before being spun at 1000 rpm to provide a hydrophobic surface. 

3.3.4 Poly(3-hexylthiophene) Film 

The organic semiconductor, > 98.5% regioregular P3HT (Sigma Aldrich) , was 

dissolved in filtered (0.2 µm Millipore PTFE filter) anhydrous chloroform at a 

1 %wt. concentration by placing in an ultrasonic bath at 40 °C for ~20 mins. The 

freshly prepared solution was filtered (again using 0.2 µm PTFE filters) and spin

cast, immediately after deposition of the HMDS layer, at 1000 rpm for 1 minute. 
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The dried P3HT film was removed from the edges of the substrate as well as the 

gate contact area with chloroform. Devices were then placed in a vacuum oven 

(Buchi) and annealed for 1 hour at 90 °C to remove any remaining solvent. 

3.3.5 Contacts 

Devices were completed by thermally evaporating (Edwards 306 Turbo Evapo

rator) 50 nm gold, through a shadow mask, on to either the semiconductor , for 

MIS devices, or the dielectric, for MIM devices, to provide 2 mm diameter circular 

contacts. 

3.4 Charge Injection Device and 

Capacitor Array 

This section details the fabrication of the charge injection devices ( CIDs) and 

capacitor arrays deployed as optical sensors. The structure of both the CID and 

capacitor array are shown in Figures 3.5 and 3.6 respectively. 

P3HT 50 nm Au 

SU8 layer 2 

Glass Substrate SU8 layer I 

F IGURE 3.5: Charge Injection Device structure. 

Semi-transparent 
Al gat e Au top 

Contact 
P3HT 

SUB 

FIGURE 3.6: Capacitor array structure. 
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3 .4.1 Substrates 

3 x 5 arrays of 4 mm2 addressable capacitors were fabricated on borosilicate glass 

slides cut to provide 25 mm x 25 mm square substrates (Figure 3.6). CID devices 

were fabricated onto borosilicate glass slides cut into 13 mm x 13 mm squares 

using an EC-400 dicer (MTI Corporation). 

Substrates were gently cleaned by hand using Decon 90 and rinsed in ultrapure 

water (UPW) to remove any contamination due to the dicing process. They were 

then transferred to a substrate holder for further cleaning as outlined below (Table 

3.3): 

Stage Solvent / Solution Det ail 
1 1 % Decon 90 in UPW Ult rasonicate for 5 mins 
2 UPW Ultrasonicate for 5 mins 
3 UPW Ultrasonicate for 5 mins 
4 Acetone Ultrasonicate for 2 mins 
5 Acetone Ultrasonicate for 2 mins 
6 Methanol Ultrasonicate for 2 mins 
7 Methanol Ultrasonicate for 2 mins 
8 Boiling 2-propanol 2 mins 
9 Boiling 2-propanol 2 mins 
10 0 2 plasma 5 mins 

TABLE 3.3: Glass substrate cleaning process. 

3.4.2 Film D eposition 

Once cleaned, t he substrates were immediately placed into a substrate holder 

with self aligning mask holder and placed in a Leybold 350 E-Beam evaporator 

for deposition of a semi- transparent aluminium gate ( ~ 20 nm) at a base pressure 

of < 10- 5 mbar. 

For the CID devices (Figure 3.5) SU82000.5 (Microchem) was mixed 50:50 with 

cyclopentanone to provide layers ~ 100 nm thick and cured following the same 

process to that described in Section 3.3.1, except the UV dose was lowered to 

60 mJ / cm2
. A second, opaque ( ~ 60 nm) aluminium gate was then evaporated 

through a shadow mask (E-Beam) and subsequently coated with a further layer 
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of SUS. P3HT was deposited as described in Section 3.3.4 to provide the active 

layer. 

Capacitor arrays (Figure 3.6) followed a similar procedure to the MIS devices 

described previously. 

Finally, ohmic contacts were formed by thermal evaporation (Edwards 306 Turbo) 

of 50 nm gold t hrough self-aligning shadow masks. 

3.5 Electrical Characterisation 

Electrical characterisation, taken under controlled conditions, provided the raw 

data necessary for detailed analysis of the devices employed in this research. Prior 

to each measurement, devices were kept un-biased for at least 10 minutes with the 

terminals grounded. This should minimize both long-lived optical effects (which 

occur whilst placing the devices in the measurement system) and the effects of 

previous measurements [145]. However, it was found that, in some cases, devices 

had to be annealed (with the contacts grounded) to reduce the effects of previous 

measurements and return them to a 'pristine' state. 

All measurements, except for the capacitor arrays (see Section 5.6) were 

performed with the samples mounted on the substrate holder in an Oxford 

Instruments Optistat DN-V Cryostat. MIS and MIM devices were electrically 

connected using 25µm diameter gold wire (Advent Research Materials Ltd) 

'glued' on to the contacts with conductive silver paint (Electrolube, H K 

Wentworth Ltd.). CIDs were mounted in a bespoke sample holder with electrical 

connection made via spring-loaded gold plated probes (Interconnect Devices Inc.) 

(Figure 3. 7). 
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FIGURE 3. 7: Sample holder test jig used for charge injection device 
measurements. 

3.5.1 Experimental Set-Up 

60 

Experiments were performed in a dark room to eliminate stray sources of light 

during testing. The experimental set-up is shown in Figure 3.8 and was utilised 

for measurements on samples either in the dark or under illumination. 

Vacuum 
Pump 

ITC 502 

■ I 
Sample 

0 D I = I 

Agilent 4284A 

D 
Computer 

Xenon□ Triax 320 Light 
Source 

F I GURE 3.8: Diagram of experimental setup used for electrical characterisation 
of MINI. MIS and CID samples. 

Optical experiments were performed at various wavelengths between 300- 800 nm. 

Light out put from a Xenon discharge lamp was passed tlwough a Jobin Yvon 
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Triax 320 monochromator (HORIBA Jobin Yvon Ltd.) to provide monochromatic 

light of the required wavelength. The resultant light then passed through a 

quartz window in the Cryostat to illuminate the devices through either the ITO 

(MIS/MIM devices) or the semi-transparent gate. The power of the light reaching 

the samples was measured using an Anritsu Optical Power Sensor MA9411Al and 

Anritsu Optical Power Meter M-9001A (Anritsu Electric Co. , Ltd.). 

The temperatures at which samples were characterised were maintained with an 

Oxford Instruments Intelligent Temperature Controller (ITC502) . The ITC502 

was easily programmed to control temperatures in the range ~77-425 K. This 

arrangement allowed the annealing of samples under vacuum < 10- 5 Torr, 

typically at ~100°C for 1 hour, after which they slowly cooled down to 30°C. 

All devices were annealed in this manner. 

3.5 .2 AC Admittance 

AC admittance was measured with a 100 m V a.c. signal at frequencies ranging 

from 1 Hz to 1 MHz . The a.c. signal was superimposed onto d.c. biases between 

±40 V applied to the gate electrode. All measurements were performed using 

either an Agilent 4284A Precision LCR meter (Agilent Technologies UK Ltd.) or 

Solartron Frequency Response Analyser (1255) combined with the 1296 Dielectric 

Interface (Solartron Analytical). 

3.5 .3 Constant Capacitance 

The transient response of semiconductor devices after , for example, photo

excitation can be measured by tracking the time dependence of the capacitance 

at a fixed bias. Alternatively, the time dependence of the bias necessary to 

maintain a constant capacitance can be tracked. These techniques are used in 

deep level transient spectroscopy (DLTS) to determine the characteristics of deep 

level impurities in inorganic Schottky and MIS diodes [146- 148] . DLTS involves 

biasing a device into depletion whereupon carriers resulting from an excitation 

pulse can charge the traps. Subsequently, thermal emission of charges from these 

traps results in a measurable signal. Constant capacitance was first applied to 

organic MIS diodes by Taylor et al. to study de-trapping dynamics in P3HT [114]. 
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In the constant capacitance method band bending (and hence depletion width) 

is kept constant by varying the bias using a feedback arrangement. Tracking the 

bias is accomplished using a proportional-integral-derivative (PID) controller in 

conjunction with an LCR meter (Figure 3.9). An error signal, determined as the 

difference between the measured and set capacitances is minimized by the PID 

controller by adjusting the DC bias applied to the sample. The output of the PID 

cse/ 
p 

e(t) 
I 

D u(t) 
cm 

LCRMeter 

Sample 

FIGURE 3 . 9: Block diagram of PID control system used in constant capacitance 
experiments. 

controller depends on three parameters: 

• A proportional term, P, adds an element to the PID output proportional 

to the error, e(t) , at time t: 

(3.1) 

where KP is the proportional gain. 

• An integral term, I, which adds an element to the PID output derived from 

the integral of the error up to time t: 

(3.2) 

where Ki is the integral gain. 
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• A derivative term D, determined from the slope of the error at time t: 

(3.3) 

where Kd is the derivative gain. 

These terms are summed to provide the output u(t) of the PID controller: 

u(t)=P+ I+D (3.4) 

3.5.4 DC Measurements 

Current- Voltage (IV) characterisation of samples were performed using the same 

set-up as in Figure 3.8, except that the IV measurements were recorded with 

either a Keithley Model 617 Electrometer or Keithley SCS 4200 Semiconductor 

Characterisation System (Keithley Instruments, Inc.). Current was measured at 

the semiconductor contact whilst the gate was subject to a d.c. bias swept between 

±40 V. 



Chapter 4 

Electrical Characterisation of 

MIS Capacitors 

4.1 Introduction 

In this chapter the (dark) properties of metal-insulator-capacitor (MIS) devices 

are determined from their admittance spect ra. MIS capacitors were made 

from regioregular poly(3-hexylthiophene) (P3HT) spin cast onto two different 

polymeric dielectrics; the epoxy photoresist SU8 ( using both a thinned solution 

of SU8 2002 (SU8-1) and the newer SU8 2000.5 (SU8-2) and an organosilane, 

polysilsesquioxane (PSQ). Devices with PSQ and SU8-1 insulators were fab

ricated as detailed in Chapter 3. For the devices with SU8-2 insulators, the 

P3HT layer was spin-cast and annealed in a nitrogen glovebox. Devices were 

then transferred , without exposure to air, into a Kurt Lesker thermal evaporator, 

whereupon a 50 nm thick gold layer was evaporat ed through a shadow mask to 

form 2 mm diameter circular ohmic contacts. 

Before annealing, excess P3HT surrounding the electrodes was carefully removed 

in an attempt to reduce the effects of lateral conduction. As P3HT is known to be 

highly sensitive to both oxygen and water [137, 149, 150], samples were annealed 

by heating at 100 °C for 1 hour under vacuum. Samples were left to slowly cool 

to 30 °C prior to measurement . 

All measurements were performed in the dark and under high vacuum ( < 10- 5 

Torr) in an Oxford Instruments cryostat. Sample temperature was controlled 

64 
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using an Intelligent Temperature Controller (Oxford Instruments ITC503). 

Impedance measurements were taken using either a Solartron 1255A Frequency 

Response Analyzer (FRA) with 1296A Dielectric Interface System, or an Agilent 

4284A precision LCR bridge. Current-Voltage measurements were made using 

either a Keithley SCS4200 Semiconductor Parameter Analyzer or Keithley model 

61 7 Electrometer. 

4.2 MIM Capacitors 

The frequency dependence of capacitance and dissipation factor (tan 5) of Metal

Insulator-Metal (MIM) capacitors, fabricated as detailed in Sect ion 3.3 with PSQ, 

SU8-1 and SU8-2 as the dielectric layers, are shown in Figure 4.1. The results for 

SU8-l only cover the frequency range 100 Hz to 1 MHz as they were obtained 

with the Agilent 4284A (which provided noisy data at frequencies below 100 Hz), 

whereas the results for SU8-2 and PSQ were recorded over a broader spectrum 

from 1 Hz to 1 MHz using the FRA. However the capacitance plots for both SU8-1 

and SU8-2 are parallel up to ~400 kHz indicat ing a weak frequency dependence of 

the dielectric constant for SUS and good electrical consistency between batches. 

A much weaker dispersion was displayed by the PSQ MIM. At frequencies above 

~10 kHz the decreasing capacitances of all devices coincide with increasing tan 

b, which can be attributed to the series resistance of the ITO gate and contact 

effects. At frequencies below 1 kHz, tan 5 is fairly constant (although small 

dispersions are evident at mains frequency harmonics) for all MIM structures. 

Tan 5 for the PSQ device ranged between ~ 1 x 10- 3 and ~3 x 10- 3 between 1 Hz 

and 1 kHz, whereas both SU8-1 and SU8-2 had slightly higher tan 5 values from 

~5 x 10- 3 to ~8 x 10-3 . The capacitance for the PSQ MIM at 1 kHz was 173 pF 

from which the layer thickness was estimated to be ~482 nm ( assuming Er ~3 

for PSQ [151]). Capacitances of 188 pF and 172 pF yield layer thicknesses of 

~517 nm and ~565 nm for the SU8-l and SU8-2 MIMs respectively (assuming 

Er = 3.5 at 10 kHz for SUS [152]). 

I- V characteristics (Figure 4.2) also revealed the D.C. leakage current through 

the SU8-2 MIM was ~100 x the leakage current through the PSQ layer (at 

gate voltages of ± 30 V). The D.C. resistance of the PSQ MIM, Rdc, was found 

to be ~1.5 x l011 D, from which its D.C. resistivity, Pde was calculated to be 

~9.8 x 1013 0 cm. This was approximately an order of magnitude higher than the 
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FIGURE 4.1: Frequency dependence of capacitance and tan o of PSQ (black 
squares and line) , SU8-l (blue) and SU8-2 (red) MIM capacitors. 
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de resistance of the SU8-2 MIM, with Rde estimated to be ~1.2 x 1010 0 and Pde to 

be ~6. 7 x 1012 0 cm. The low frequency (10 Hz) a.c. resistances, Rae, of both the 

PSQ and SU8-2 layers are similar in value to their respective D.C. resistances. For 

the PSQ MIM Rae was estimated to be ~5. 7 x 1010 0 which was approximately 

5x higher than the a.c. resistance of the SU8-2 MIM device (~1.2 x l010 0). 

6 PSQ 
o SU8-2 

-40 -30 -20 -10 0 10 20 30 40 

Bias (V) 

FIGURE 4.2: Current-Voltage I-V plots of PSQ (blue) and SU8-2 (red) MIM 
capacitors, acquired at 0.5 V /s. 
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4.3 PSQ/P3HT MIS Capacitors 

This section provides electrical characterisation of the PSQ/ P3HT MIS capacitors 

used in the photo-capacitance experiments reported in Chapter 5. 

4 .3.1 Vo ltage dependence of Capacit ance and Loss 

Capacitance and loss vs. voltage plots, where the bias was swept from -10 V 

to 20 V and back to -10 V, for a typical PSQ/ P3HT MIS capacitor are shown 

in Figure 4.3 and are reminiscent of similar PSQ/ P3HT MIS devices reported 

by Torres and Taylor [75]. The C- V plot (blue line) shows a transition from 

accumulation to depletion, characteristic of p-type semiconductor devices, which 

occurred between ~0 V and ~7.5 V for the device shown. Minimal anti-clockwise 

hysteresis between forward and reverse C- V sweeps suggests a small number 

of electrons had become trapped in the insulator at high positive biases. The 

depletion slope of the return sweep also broadened slight ly, and coincided with 

a slight increase in the height and width of the loss peak (red line) implying the 

trapped electrons had increased the density of interface states interacting with 

the majority carriers (holes) . 
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F IGURE 4 .3: Capacitance (blue) and loss (red) of the PSQ MIS capacitor with 
the bias swept from -10 V to 20 V and back to -10 V, with a small signal 

frequency of 1 kHz. 

At biases > 10 V the semiconductor reached full depletion with the measured 

capacitance reaching a minimum value, ~130 pF, remaining virtually constant 
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as the bias was swept to higher posit ive voltages. This capacitance is the series 

sum of the insulator capacitance, C1 ~178 pF, and depletion capacitance, Cv , 

from which Cv is estimated to be ~480 pF. In fully depleted thin film devices the 

depletion width corresponds to the thickness of the active layer [79, 114], hence 

the P3HT layer thickness is estimated to be ~ 170 nm ( assuming a dielectric 

constant of ~3 for P3HT [153]). 
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FIGURE 4.4: Mott-Schottky plot of forward sweep of C- V data from Figure 
4.3, indicating slope from which NA was determined to be ~9 x1015 cm- 3 . 

As outlined in Chapter 2, the acceptor doping density, NA , of the P3HT layer can 

be determined from a Mott-Schottky plot , provided the measurement frequency 

is at least an order of magnitude below the Maxwell-Wagner (M-W) dispersion 

[73]. Analysis of the C-f data, detailed below, revealed a M-W relaxation at 

~40 kHz, thus NA can be extracted from the C- V data obtained at 1 kHz. 

Here NA was determined from the forward sweep of the C- V data, replotted in 

Mott-Schottky format (l/C2 vs. V) in Figure 4.4, to be ~9 x 1015 cm-3 . This is 

comparable to densities of ~5 x 1015 cm-3 reported in the literature (for example 

refs [73, 75, 154]). 

The small peak in the loss-voltage plot is a characteristic feature of interface states 

[64] . As explained in Chapter 2, the loss peak occurs at a bias and, consequently, 

majority carrier concentration, where the capture rate of interface traps is 

comparable to the applied frequency. As the bias is swept from accumulat ion 

to depletion, the majority carrier density at the interface reduces, causing 

capture rates of interface traps within a few kT / q of the Fermi level to slow 



Chapter 4. Electrical Characterisation of MIS Capacitors 69 

down producing a loss peak. With further increases in bias, the capture and 

emission of carriers from traps is negligible, and the loss is low. The density 

of interface states, D1r, was est imated to be ~8 x 109 cm- 2ev - 1 using the Hill 

and Coleman (HC) approximation. D1r determined at this frequency is at the 

lower threshold of densities for which the approximation is valid [106], and an 

order of magnitude lower than values reported by Alves and Taylor [105] using 

the conductance method advocated by Nicollian and Goetzberger [102]. Alves and 

Taylor commented that semiconductor bulk conduction losses can distort the loss 

peak at frequencies near the M-W dispersion, making it difficult to extract t he 

peak from the background, which may be the reason such a low value for D1r was 

obtained for this device. Figure 4.5 shows the C- V (blue line) and G/w-V (red 
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FIGURE 4.5: C- V (solid blue line) and G/w-V (solid red line) for PSQ/ P3HT 
MIS capacitor obtained at an a.c. frequency of 105 Hz. 

line) for the same device measured with an a.c. frequency of 105 Hz. Although 

the background loss is slightly higher at this frequency, the loss peak is much 

better defined from which DIT is estimated to be ~1.22 xl010 cm- 2ev - 1 using 

HC analysis. DIT obtained at this frequency is higher than the value determined 

at 1 kHz. It should be noted, though, that the loss peaks occurred at different 

gate biases, indicating traps at different energies were being probed. D IT at 105 

Hz corresponded to a trap depth of ~0.36 eV, whereas at 1 kHz shallower traps 

at ~0.22 eV were being probed. It is interesting to note that at 105 Hz the device 

exhibited no hysteresis in the C-V curve. 
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4.3.2 Frequency Dependence of Capacitance and Loss 

The frequency dependence of capacitance and dielectric loss of a PSQ/ P3HT 

MIS capacitor obtained over a range of gate bias voltages are presented in Figure 

4.6. The response features a classic Maxwell-Wagner dispersion, typical of a two

layer capacitor. As discussed in Chapter 2 such a response can be represented 

by t he equivalent circuit in Figure 2.8 with a relaxation frequency, JR, given by 

Equation 2.17. The loss curves in Figure 4.6(b) show .fR to be virtually constant, 

~40 kHz, for accumulation voltages between -10 V and -2 V, indicating the 

semiconductor resistance, R8 , was not affected by the applied voltages. In the 

accumulation regime, any charges injected into the semiconductor from the ohmic 

contact would cause RB to decrease with a corresponding increase in f R [87]. 

The loss curves in Figure 4.6(b) show that the device began depleting at ~0 V. 

Further posit ive increases in bias drove the device deeper into depletion, with 

the corresponding M-W peaks shifting to higher frequencies due to the growing 

depletion layer, in agreement with Equation 2.20. Correspondingly, t he measured 

capacitance at low frequencies was seen to decrease, confirming the evolution of a 

depletion layer. At bias voltages > 10 V, little further reduction in the measured 

capacitance was seen, indicating the device had fully depleted. 

At 1 kHz, with the device in accumulation, the measured capacitance increased 

from ~ 178 pF to over 206 pF at 10 Hz. This was accompanied by a large 

increase in loss over the same frequency range, which may be attributed to a 

combination of lateral conduction in the P3HT surrounding the gold contact and 

DC conduction through the insulator. Assuming the capacitance measured in 

accumulation (Ve = - 10 V) at 1 kHz is Cr , ~ 178 pF, the insulator layer thickness 

was calculated to be ~470 nm. At frequencies above ~10 kHz majority carriers 

are unable to follow the ac signal and the capacitance falls to the geometric 

capacitance of the device (series sum of Cr and CB) , ~130 pF, from which CB was 

estimated to be ~480 pF and the P3HT layer thickness ~ 170 nm. These results 

are in agreement with the parameter values extracted from the C- V curves above. 

With the device in accumulation JR was ~40 kHz, from which RB was determined 

using Equation 2. 17 to be ~ 6 kD. Bulk conductivity, <Ys, was calculated to be 

~8.9x l0- 8 S cm- 1 using Equation 2.22. Similar conductivities were reported for 

P3HT MIS devices with a Novolac® dielectric [73, 81]. 
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Despite the high loss at low frequencies, a small dispersion is evident at ~400 Hz 

for biases ~2- 3 V, i.e. when the device was biased into depletion. These are the 

same voltages at which the loss peaks were seen in the C- V plots in Figures 4.3 

and 4.5, and confirm the presence of interface states. 

A further dispersion is seen at high frequencies > 500 kHz caused by a contact 

resistance Re associated with the ITO and gold contacts in series with the device, 

with a relaxation frequency » 1 MHz, indicating Re « l kO (from Equation 
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2.25). The peaks appearing at ~300 kHz at all applied biases is attributed to 

artefacts within the measurement system. 

4.4 SU8/P3HT MIS Capacitors 

The electrical characteristics, measured in the dark, of SU8/ P3HT MIS capacitors 

used for the photo-experiments in Chapter 5 are presented in this section. 

4.4.1 Admittance Results of SU8-1/ P3HT Capacitors 

SU8/P3HT MIS capacitors were fabricated using thinned SU8-2002 photoresist 

(SU8-l) as the insulating layer. Cross-linking of the SU8-1 layer was initiated by 

exposure to UV light from an old mask aligner (OMA), for which the light power 

was unknown. The capacitance-voltage and loss-voltage curves in Figures 4.7(a) 

and 4.7(b) show the results of two devices whose SU8-1 layers had been exposed 

under the OMA for (a) 1 minute (device SU8-1A) and (b) 2 minutes (device SU8-

1B). Both devices had completed four annealing cycles under high vacuum for 1 

hour at 100 °C prior to the C-V measurements shown in the figures. Both C- V 

plots (blue line in Figure 4.7) show the behaviour typically seen in p-type MIS 

capacitors where the device transit ions from accumulation through to depletion 

as the gate bias is swept to more posit ive voltages. However these plots revealed 

high flatband voltages in both devices, ~20 V and ~ 11.5 V for the SU8-1A and 

SU8-1B devices respectively. Teglecting the difference in work functions between 

the ITO gate and semiconductor, such that an ideal MIS capacitor has VFB = 0 V, 

then approximately 7.2 x 1011 electrons cm- 2 were trapped, either in the insulator 

or at the SU8-1/ P3HT interface in device SU8-1A and ~ 4.2x 1011 crn- 2 in device 

SU8-1B. Due to the high V FB device SU8-1A did not fully deplete within the 

available voltage range. Interestingly, organic FETs ut ilising SU8 as the dielectric 

layer and P3HT as the semiconductor exhibited high positive threshold voltages 

~ 75 V [141]. 

Ant iclockwise hysteresis in the C- V plot of SU8-1B (blue line in Figure 4.7(b)) 

is a result of electron trapping either in the insulator or at the SU8-1/ P 3HT 

interface. The depletion slope on the reverse sweep ( + 40 V to -40 V) exhibits a 

shallower slope, which is reflected by the broader , and slight ly higher, peak in 
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annealing cycles, measured at a temperature of 303 K, with an a.c. frequency 
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the accompanying loss curve (red line), indicating increased interaction between 

holes and interface states. 

In accumulation both the capacitance and loss increased with increasing accu

mulation voltages. Such an effect can be attributed to lateral conduction [87, 88]. 

Also visible in the loss curves are small peaks coincident with the depletion slope 

in the C-V plots, indicating the presence of interface states. 

The capacitance measured in accumulation was ~181 pF for SU8-1A and ~184 pF 

for SU8-1B. Assuming these values ~ C1 , then the thicknesses of the insulating 

layers were estimated to be ~560 nm and ~520 nm respectively. As discussed 

above SU8-1A did not reach full depletion, however at biases > ~25 V device 

SU8-1B approaches full depletion and taking the minimum capacitance at 40 V, 

~133 pF, Cn is estimated to be ~480 pF, corresponding to a maximum depletion 

layer width of ~ 170 nm. 

The C-f and G/w-f plots for SU8-1B are provided in Figure 4.8. Four dispersions 

are evident in the loss curves: 

(1) High loss dominates the response at low frequencies. As the applied voltage 

biases the device from strong accumulation (-40 V) towards Vp8 , both the 

magnitude and relaxation frequency of the dispersion decreases due to lateral 

conduction in the excess P3HT surrounding the gold contact and DC losses 

through the insulator at accumulation voltages up to 12 V. 
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(2) A second dispersion, between 100 Hz and 200 Hz, appears with t he device 

in depletion. However, t he dispersion described in (1 ) could be masking any 

contribution from this process in the accumulation regime. This dispersion occurs 

at the same frequency for biases in t he depletion regime which is the signature for 

bulk traps in silicon MOS capacitors [64]. As detailed in Chapter 2, when a device 

is biased into depletion, traps located within a few kT / q of t he energy where the 

Fermi level crosses t he bulk trap level ( crossover point) can contribute to the 
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admittance, and the associated loss occurs at the same frequency, independent of 

bias. 

(3) A broad Maxwell-Wagner (M-W) dispersion, whose relaxation frequency, JR 
ranged from ~20 kHz in accumulation to ~3 kHz in depletion. The broad M-W 

dispersion can be ascribed to energetic disorder and the hopping nature of charge 

transport in organic semiconductors, which cause charge carriers to respond to 

an ac signal with a distribution of relaxation times centred around JR [78] . For 

accumulation voltages, -40 V to +8 V, the loss peaks superimposed. However, as 

the device was driven into depletion, the M-Vv peak shifted to lower frequencies, 

contrary to the expected response described in Chapter 2. This behaviour is 

similar to that reported by Torres and Taylor for P3HT MIS capacitors with a 

PSQ insulator, which was attributed to increasing disorder in the active layer 

upon moving away from the interface, resulting in increased resistivity and time 

constant dispersion in the P3HT layer [75] . For P3HT diodes with a polyimide 

dielectric, though, t he shift in f R to lower frequencies was attributed to the 

influence of interface states as the device was driven into depletion [78]. 

( 4) A final dispersion can be seen for all curves at frequencies above the M-W 

peaks, caused by a series resistance associated with the contacts with a relaxation 

frequency » l MHz. 

Doping density, NA , was determined to be ~2.6 x l016 cm-3 from the linear part 

of the slope of the Mott-Schottky plot (not shown). 

A further set of devices (SU8-l C) were fabricated where the SU8-l layer was 

exposed to UV light using an EVG620 mask aligner at a known dosage of 120 

mJ cm-2
. The C- V and G/w- V plots in Figure 4.9 show Vps was ~0 V after 

annealing. This result suggests t hat the high V FB recorded in devices SU8-1A and 

SU8-1B resulted from under-exposure to UV light. SU8 contains triarylsulfonium 

salts of hexafluoroantimonate (SbF6) used as photo-init iators for the cross-linking 

process, which form neutral or positively ionized products upon exposure to UV 

light [155] . The negative charges responsible for t he high V FB found in SU8-1A 

and SU8-1B could be a result of un-reacted photo-initiator remaining in the SU8 

layer after exposure and thermal curing. 

C1 for this device was ~99 pF from which the dielectric layer thickness was 

determined to be ~970 nm. In depletion the capacitance fell to a minimum value 

~ 81 pF, from which Cv was deduced to be ~446 pF corresponding to a P3HT 



Chapter 4. Electrical Characterisation of MIS Capacitors 

100 

i:L 95 
-9, 
Q) 
(.) 
C 90 
2 
·c3 
cu 
C. 

85 cu u 

80 

75 
-15 -10 -5 0 5 10 15 

Bias (V) 

4 

3 -LL 
s 
8 

2 c3 

F IGURE 4.9: C- V (solid blue line) and G/w- V (solid red line) for the UV
exposed device SU8-1C, measured after annealing with an a.c. frequency of 1 

kHz , at a temperature of 303K. 

76 

layer thickness of ~187 nm. Acceptor doping density, N A, was determined from 

the Mot t-Schottky plot to be ~3.5 x 1015 cm- 3 . The low value of N A for this 

device indicates that dopants from the insulator may be responsible for the higher 

N A deduced for the SU8-1B device. The peak in the G/w-V plot at depletion 

voltages indicates the presence of interface states. D IT, was estimated, using the 

HC approximation, to be ~2.4 x 1010 cm- 2 ev - 1 . 

The frequency dependence of capacitance and loss are plotted in Figure 4.10 for 

a range of voltages where the device was biased from accumulation at -10 V, 

through to full depletion at + 10 V. Three main dispersions are apparent: 

1. At low frequencies ( < ~500 Hz) both the capacitance and loss increase, 

especially at accumulation voltages, consistent with a combination of lateral 

conduction and DC conduction through the SU8 layer. 

2. A classical Maxwell-Wagner dispersion in the frequency range ~33 kHz to 

~100 kHz. At a bias of > ~0 V the C-f plot shows the measured capacitance had 

decreased, indicating the formation of a depletion region. With increasing positive 

voltages, t he depletion layer extends further into the semiconductor and f R of 

the M-W dispersion shifts to higher frequencies, as predicted by Equation 2. 20. 

In accumulation the M-W peaks moved to higher frequencies with increasingly 

negative gate voltages. This suggests, from Equation 2.17, t hat the resistivity of 

t he P3HT layer was decreasing. 
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3. At ~10 kHz the loss rises to a peak centred around a frequency greater than 

1 MHz resulting from a series resistance at the contacts, and is accompanied by 

a corresponding decrease in capacitance. 
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4.4.2 MIS Capacitors with SU8 2000.5 as D ielectric 

MIS capacitors with SUS 2000.5 photoresist (SUS-2) as the insulating layer were 

fabricated as described under an inert atmosphere in an N2 glovebox. The SUS 

layer was subjected to a UV dosage of 60 mJ cm-2 , according to the datasheet 

[156]. Capacitance and loss vs. voltage plots are shown in Figure 4.11 . The 

measurement frequency was set at 83 Hz due to the low frequency of the M-W 

dispersion in Figure 4.12. V FB for this device was ~3 V, confirming the high V FB 

seen in previous SUS-1 devices was indeed caused by under exposure of the SUS. 
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F IGURE 4. 11 : C-V (solid blue line) and G/w-V (solid red line) for device SUS-
2, obtained after annealing and then cooling to 303 K. The bias was swept from 

-20 V t o + 20 V and back to -20 V. The a .c. frequency was 83 Hz. 

From the maximum capacitance in accumulation, ~ 167 pF, corresponding to 

C1 , t he insulator thickness was ~570 nm. CD was deduced to be ~426 pF from 

the series sum of CI and the minimum measured capacitance (~ 120 pF). The 

thickness of the P3HT is t hen estimated to be ~ 195 nm. Acceptor doping density, 

determined from the Mott-Schottky plot was ~ 3.8 x l015 cm- 3
. The density of 

interface t raps was estimated to be ~ 1.3 x l 011cm- 2 ev-1
, located ~0.5 eV above 

the bulk Fermi level. 

The M-W relaxation frequency in this device was ~3.5 kHz in accumulation, 

decreasing to ~200 Hz in depletion, which again is in disagreement with analysis 

of t he equivalent circuit in Chapter 2 (Figure 2.20). As the applied bias drives 

the MIS device further into depletion the peak broadens and becomes more 

asymmetric for voltages > 3 V, suggesting the loss is dominated by interface states 

[97]. A possible second dispersion can be seen at ~ 100 Hz (indicated by an arrow 
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in the figure). Noting that the loss peak in Figure 4.11 occurs at ~3.5 V, this 

second dispersion appears to arise from the interaction of majority carriers (holes) 

with interface states. 
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4.5 Thermal Stability of MIS Capacitors 

In this section the thermal stability of MIS capacitors, with PSQ, SU8-1 and 

SU8-2 as the insulator and P3HT as the active layers, is reported, based on 

admittance measurements over a range of temperatures from 125 K to 375 K. 

After reaching the desired temperature, the devices were left for at least 30 

minutes, with the contacts shorted, prior to measurement. Each device was 

characterized starting at the lowest temperature, collecting the C-f and G/w-f 

data first. The frequency of the C- V measurement was chosen to be at least an 

order of magnit ude below the M-W peak in the G/w-f plot, but high enough to 

avoid the low frequency losses caused by lateral and DC conduction. 

4.5 .1 Temperature D ependence of C- V and G/w- V 

4 .5.1.1 PSQ/P3HT Capacitors 
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FIGURE 4.13: Temperature dependence of (a) C- V and (b) G/w- V of 
PSQ/P3HT MIS capacitor at temperatures ranging from 125 K to 375 K. 
Measurement frequency was set at least one order of magnitude below the 

M-W peak. Bias was cycled from -10 V to + 10 V. 

The temperature dependence of the C- V and G /w- V curves over the range 

125 K to 375 K of the PSQ/P3HT MIS capacitor are shown in Figure 4.13. 

For temperatures up to 325 K, the transitions from accumulation to depletion 

had very similar slopes, very little shift in Vp8 was apparent and there was 

negligible hysteresis. Above 325 K Vp8 shifted to slightly higher voltages, with 
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anti-clockwise hysteresis also becoming noticeable. Shifts in VF 8 and increasing 

hysteresis, with rising temperature, have been attributed to mobile ions in the 

dielectric [71, 80, 157]. Mobile ions in the insulator can be ruled out here as 

the observed shift in VFB would be to more negative voltages, opposite to the 

applied voltage, whereas the positive shift in VFB is consistent with negative 

charge trapping at the PSQ/P3HT interface [97]. At 375 K the observed shift of 

~2.4 V is equivalent to ~8 x 1010 electrons trapped at the interface. 

At temperatures < 225 K, the loss peaks are difficult to locate. Between 225 K and 

325 K the loss peaks have similar magnitudes and occur at ~2-3 V. The width of 

the loss peaks increased at higher temperatures, accompanied by the stretching

out of the associated depletion slopes, suggesting interface states were active 

over a broader energy range. D1r was estimated to be ~1.2 x l 010 cm-2ev-1, 

increasing only slightly to ~1.3 x 1010 cm-2ev-1 at 375 K, as shown in Figure 

4.14. 
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FIGURE 4.14: Acceptor doping density, NA , and interface state density, D1r, of 
PSQ MIS device determined from the C- V and G/w- V curves at temperatures 

between 125 K and 375 K. 

Mott-Schottky analysis of the C- V data reveals NA remains fairly constant at 

~4.6x1015 cm- 3 up to 325 K (see Figure 4.14). Above 325 K, NA increased to 

~5.6x1015 cm-3 and ~8.4xl015 cm-3 at 350 Kand 375 K respectively, however, 

these values are most likely over-estimated due to the influence of interface states 

at these temperatures. 
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4 .5 .1.2 SU8/P3HT MIS capacitors 
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Measurement frequency was set at least one order of magnitude below the 

M-W peak. 

Capacitance-voltage and loss-voltage plots, obtained at temperatures between 

150 K and 375 K, for an SU8/P3HT MIS capacitor are provided in Figure 4.15. 

This MIS device was similar to device SU8-1C reported in the previous section. 

Good stability is exhibited with the very little change in Vps up to 325 K, 

where VFs increased by ~0.5 V and some hysteresis became apparent. Above 

325 K increases in VFs are much larger, ~4 V at 350 K and ~29 V at 375 

K, measured at the mid-point of the depletion slope, equivalent to ~7.8 x 1010 

cm- 2 and ~5.7 xl011 cm-2 negative charges trapped at the interface. Such large 

increases in Vp8 were not found in the PSQ/P3HT devices, and could therefore 

be caused by a thermally activated process in the insulator. Although based 

on a limited dataset, an activation energy of ~0.75 eV was estimated from an 

Arrhenius plot (Figure 4.16) of Vp8 . Such a large value could indicate a mobile 

ionic species was responsible for t he shift in Vps [80, 157], however as remarked 

previously, mobile ions would cause a negative shift in Vp8 . Remnant Lewis acids 

and/ or water or other contaminants remaining within the SU8 after curing could 

be possible sources of negative charges result ing in the positive shift of Vp8 . 

ITO has also been reported to interact with organic molecules [158], and the high 

activation energy found here could, perhaps, indicate a chemical reaction between 

the ITO gate and SU8 layer. 
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Peaks in the G/w- V curves (Figure 4.15(b)) are apparent at all temperatures 

and remained fairly similar in magnitude up to 325 K. Above 325 K the loss 

peaks moved to more positive biases in unison with the shift in V FB, together 

with a broadening of the width of t he peaks, indicating that interface states with 

a broader range of energies were interacting with majority carriers at elevated 

temperatures. DIT was estimated to be ~2x 1010 cm- 2ev - 1 at energies ~0.1-

0.17 eV above the bulk Fermi level, over the temperature range 125 K to 375 K 

(Figure 4.17). 

Figure 4.17 also shows the acceptor doping density was ~2.9 x 1015 cm- 3 for 

temperatures up to 350 K. At 375 K, NA increased to ~l.7xl016 cm-3 , which, 

similar to the PSQ/ P3HT device, indicated the influence of interface states at 

higher temperatures. 
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FIGURE 4. 17: Temperature dependence of NA and D I T for SU8-l MIS device. 
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4.5.1.3 SU8-P3HT Capacitor fabricated under N 2 

The P3HT based MIS devices in Sections 4.5.1.1 and 4.5.1.2 were prepared and 

spin-coated under ambient conditions. During the latter stages of this work it 

became possible to deposit the P3HT in a nitrogen glovebox. The dielectric layer 

of SU8 2000.5 (SU8-2) and solution of P3HT in chloroform were prepared under 

ambient conditions as described in Chapter 3, before being transferred to the 

glovebox. P3HT solution was spin-coated and dried at 100°C for 1 hour in the 

glovebox. Samples were then transferred to a Kurt Lesker thermal evaporator, 

without exposure to air, whereupon 2 mm diameter , 50 nm thick, gold contacts 

were deposited. 
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FIGURE 4.18: (a) C-V and (b) G/w-V plots of SU8-2/P3HT MIS capacitor 
at temperatures between 200 K and 363 K. The P3HT layer was deposited 
under a N2 atmosphere. Measurement frequency was set at least one order of 

magnitude below the M-W peak. 

The C-V and G/w- V plots recorded at temperatures between 203 K and 

363 K are shown in Figure 4.18. As noted in the following section, the M-W 

relaxation frequency of these devices was lower than for either of t he devices 

prepared under ambient, result ing in the need for much lower frequencies for t he 

C- V measurements to avoid interaction with t he M-W dispersion. Due to this 

constraint, measurements below 200 K were not possible. 

Both the C- V and G /w- V plots clearly show the device has much improved 

stability compared to the PSQ and SU8-1 devices. In the C-V plot, both the 

depletion slope and VFB remain fairly constant over the entire temperature range, 

with negligible hysteresis ~0.5 V occurring at 343 K, increasing to ~2.1 V at 
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363 K. NA was estimated to be ~3.5xl015 cm-3 up to 303 K after which it 

increased to ~5 x 1015 cm-3 , as presented in Figure 4.19. 

The loss peaks in the G/w-V plots are all of similar height, with D1r estimated 

to be between ~lxl011 and ~l.5xl011 cm-2ev-1 (Figure 4.19). These values 

are an order of magnitude higher than the density of interface states found in 

the devices fabricated under ambient, however these are shallower states, located 

~0.04- 0.06 eV above the bulk Fermi level. Increasing DIT with decreasing trap 

depth has also been reported for P3HT based MIS capacitors by Torres and 

Taylor [75], where the density of shallow states was found to be two orders of 

magnitude higher than the density of deeper states. 
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FIGURE 4.19: Temperature dependence of NA and Dir for SU8-2 MIS device. 

4 .5.2 Temperature Dependence of the Bulk Mobility 

Conductivity, (J" Band mobility, µB , of the bulk semiconductor were extracted from 

the M-W relaxation frequencies, with the devices biased at fl.atband. Under this 

condition, there is no band-bending; the device will not be in accumulation when 

injection of charges into the bulk semiconductor is possible, or depletion. Injection 

of majority carriers (holes) would cause a reduction in the bulk resistivity and a 

corresponding increase in f R , leading to overestimates of the bulk conductivity 

and mobility. The density of holes in the semiconductor will now be equal to the 

acceptor doping density, as determined from Mott-Schottky analysis of the C- V 

data. (J"B is then determined from the bulk resistance via Equation 2.22. Once (J"B 

is known, µ 8 may be derived from the conductivity using Equation 2.23. 

The frequency dependence of loss ( G /w-f) over a range of temperatures from 

125 K to 375 K for the PSQ, SU8-l and SU8-2, with the devices biased at VFB , 
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are plotted in Figures 4.20(a), 4.20(b) and 4.20(c) respect ively. The plots clearly 

show a strong temperature dependence of the M-W relaxation frequency, which 

changes by more than four orders of magnitude over the temperature range for 

each device. Such behaviour is typical of the thermally activated hopping nature 

of charge transport in disordered semiconductors [73, 81, 154] . 

Arrhenius plots of JR, RB and CJs , extracted from the experimental data for the 

PSQ, SU8-1 and SU8-2 based MIS capacitors, are provided in Figure 4.21. JR was 

very similar for the PSQ and SU8-1 devices prepared in air, and were an order of 

magnitude greater than for the SU8-2 device with the P3HT deposited in an inert 

environment. Transitions in the Arrhenius plots of the PSQ and SU8-1 devices 

are evident, however the SU8-2 device exhibited a singly-activated Arrhenius 

dependence on temperature. 

In the multiple trapping and release model (MTR) transport is characterised 

by recurrent trapping of charge carriers in shallow trap st ates, which are then 

released via a thermally activated process into de-localized bands [159] . The 

t emperature dependence of the mobility follows an Arrhenius dependency of the 

form [159- 161] 

(4.1) 

where 6. is the activation energy, corresponding to the energy difference between 

the trap level and the de-localized band edge, k8 is Boltzmann's const ant and T 

is the absolute temperature. As 6. increases with disorder , it can be used as an 

indicator of the degree of disorder. 

Bulk mobilit ies of the three samples was calculated using N A ~4.6 x 1015 cm- 3 , 

~2.9 x 1015 cm-3 and ~ 3.5 x 1015 cm-3 for the PSQ, SU8-1 and SU8-2 devices 

respectively. Arrhenius plots of the bulk mobilities of the samples are shown in 

Figure 4.22. Quite clearly µ 8 in device SU8-2 has a singly-activated Arrhenius 

dependence on temperature, with an activation energy of 0.25 eV and µ0 ~0.l 

cm2 / Vs. Craciun et al. reported 6. ~0.3 eV with µ0 much higher at ~ 30 cm2 / Vs 

for P3HT diodes [162]. A distinct transition is present in the Arrhenius plots of 

the PSQ and SU8-1 devices, occurring at 200- 225 K. Transitions of this type 

have been noted in disordered semiconductors, reflecting transitions between 

different transport mechanisms [163], for example between dispersive and non

dispersive transport [164]. Lada suggested transit ions of this nature observed at 

room temperature are caused by phase t ransit ions in the P3HT [81]. Gomes et al. 
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Measurements were obtained with all devices biased at VFB· 
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showed that, at temperatures between 200 K and 300 K, water related traps 

are responsible for changes in device behaviour [82]. Activation energies were 

determined to be in the range ~0.2 eV to 0.22 eV for temperatures > 200 K and 
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between 0.094 eV and 0.082 eV in the low temperature regime for both the PSQ 

and SU8-1 devices. 

Bassler et al. modelled the density of states (DOS) distribution of localized states 

with a Gaussian distribution. Energetic disorder in the semiconductor determines 

the width of t he DOS. For a Gaussian DOS mobility can be described by the 

expression [67] 

(4.2) 

where T0 is a parameter which describes the energetic disorder, and is related to 

the width, O" , of the Gaussian DOS by T0 = 20" /3k. Mobility of the PSQ, SU8-1 

and SU8-2 devices are plotted versus 1/T2 in Figure 4.23. These plots show 

the experimental data deviates from the straight line behaviour of Equation 4.2 

( dashed lines in Figure 4.23) below ~200 K for all devices. Fitting values for the 

dashed lines in Figure 4.23 are provided in Table 4.1. 
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Device To µo (J 

K cm2/ Vs) meV 
PSQ 638 4.8 X 10- 3 82 

SU8-l 603 4.5 X 10- 3 78 
SU8-2 648 7.24 X 10- 4 84 

T ABLE 4.1: Fitting parameters for Equation 4.2. 

89 

Both the Arrhenius and Gaussian expressions provide reasonable fits to t he data. 

The higher activation energy, determined from the Arrhenius plot, and slightly 

higher value of CJ imply there was slightly more disorder in the P3HT layer of 

the SU8-2 device. However the instabilities reported in the C- V measurements 
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at higher temperatures for the devices prepared in air could indicate that 

advent itious dopants, such as atmospheric oxygen and water, were still present 

after several annealing cycles, increasing the bulk conductivity of the P3HT film. 

4.6 Summary 

MIS capacitors with PSQ and SU8 dielectrics and P3HT as the active layer have 

been charact erized by measuring their admit tance in the dark. Two types of SU8 

were used, thinned SU8 2002 (50:50 in SU8 solvent, cyclopentanone) and SU8 

2000.5. 

Initial measurements on MIM structures revealed PSQ as the best insulator 

with high DC resistivity ~1013 n, compared to ~1012 n for t he SU8 layers. The 

SU8 material also exhibited a stronger dependence of its dielectric constant on 

frequency. 

The C- V plots obtained with the P3HT semiconductor revealed classical p-type 

behaviour on all dielectrics, with a transition from accumulation to depletion at 

posit ive bias voltages. All devices also exhibited classical Maxwell-Wagner (M-W) 

dispersions in the C-f and G/ w-f plots. 

All the PSQ devices exhibited V FB ~ 0 V with negligible hysteresis in the C- V 

plots, indicating minimal injection of electrons into the insulator at high positive 

voltages. The frequency dependence of the capacitance and loss revealed a fairly 

constant relaxation frequency for accumulation voltages. Driving the device into 

depletion caused JR to move to higher frequencies. The low frequency capacitance 

decreased with increasing depletion voltages, which, together with the decreasing 

magnitude of the loss peak indicated the formation of a space-charge layer in the 

P3HT film. 

MIS capacitors with the thinned SU8 dielectric (SU8-l) init ially revealed a high 

flatband voltage ~ 20 V. Increasing the UV exposure dose during the photo

polymerization step reduced V FB down to ~11.5 V. Further UV exposure resulted 

in a flatband voltage near 0 V. A possible reason for t he decrease in V FB is the 

reduction of m1-reacted photo-initiator remaining in the SU8 after UV exposure. 

Devices with an SU8 2000.5 dielectric (SU8-2) had V FB of ~3 V, after correct 

UV dosage. The M-W dispersions in devices wit h high V FB were very broad, and 
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moved to lower frequencies as the depletion region increased. A distribution of 

time constants, due to the dispersive nature of charge transport , is responsible 

for the broad M-W dispersions. 

Acceptor doping density also varied with UV exposure for the SUS devices. 

Devices with a low exposure revealed NA ~2 x 1016 cm-3 , whereas those with 

the correct exposure resulted in lower NA , ~3.5 x1015 cm-3 . Dopants originating 

from the insulator may be a cause of the increased doping density in the under

exposed devices. NA in the PSQ devices was determined to be ~4.5-9 x 1015 cm-3, 

similar to the correctly exposed SU8 devices. 

A comparison of the properties of MIS capacitors with different insulators are 

summarised in Table 4.2. 

Property PSQ SU8-1A SU8-1B SU8-1C SU8-2 
dr (nm) 470 560 520 970 570 
ds (nm) 170 - 170 187 195 

DrT (cm- 2 ev-1) 1.2 X lQlO - 1.3 X 1011 2.4 X 1010 1.3 X 1011 

NA (cm- 3
) 9 X 1015 5 X 1016 2.6 X 1016 3.5 X 1015 3.8 X 1015 

VFB (V) +0.2 + 20 +11 .5 0 +3 
JR (kHz) 40 - 20 33 3.5 

µB (cm2 /Vs) 6.2 X 10- 5 - 1.1 X 10- 5 1.1 X 10- 4 1.2 X 10- 5 

TABLE 4.2: Summary of propert ies of MIS capacitors with various insulators. 

C-f plots revealed the extent of lateral conduction and resistive losses through the 

insulator at low frequencies. The probe frequencies for the C- V measurements 

were chosen from the G/w-f plots to be at least an order of magnitude below 

the M-W peak, but higher than those frequencies where lateral conduction was 

evident. 

A further dispersion was evident in the C-f and G/w -f plots at frequencies higher 

than 1 MHz caused by the series resistance of the contacts. 

Both PSQ and SU8 based devices were found to be stable at temperatures up 

to 325 K, with NA , DIT and VFB remaining approximately constant. Above 

325 K, shifts in VFB and increased hysteresis were seen in both the PSQ and 

SU8-1 devices, together with stretch-out of t he depletion slopes, where capture 

and emission of holes by interface states was affecting the measurements. Vp B 

hardly altered in the SU8-2 device, with slightly increased hysteresis the only 

observable change. As the P3HT layer in the SU8-2 device was deposited under 
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an inert environment, the decreased stability in the PSQ and SU8-1 devices 

at elevated temperatures could be due to the presence of atmospheric dopants, 

despite undergoing several annealing cycles. 

Bulk conductivity and mobility were extracted from the M-Vv relaxation frequency. 

Both the PSQ and SU8-l devices revealed similar values of CJB and µ 8 for the 

P3HT film over the temperature range 125 K to 375 K. These parameters were 

an order of magnitude lower in the SU8-2 device. Temperature dependence of 

µ3 could be described by either a ln(µ8 ) ex: 1/T or ln(µ3 ) ex: 1/T2
, although 

the Arrhenius fit was marginally better at higher temperatures. The activation 

energy, ~ , for the SU8-2 device, 0.25 eV, indicated a slightly higher degree of 

disorder than in the PSQ and SU8-1 devices (~ ~0.2 eV). 



Chapter 5 

Photo-Excitation of MIS 

Capacitors 

5.1 Introduction 

The effect on the C- V characteristics during monochromatic illumination of 

MOS devices has been studied, for example, by Pierret and Sah [115], and Poon 

and Card, who developed a technique for extracting interface state density from 

photo-admittance measurements [110]. Photo-admittance studies have also been 

performed on organic devices [62, 114, 165]. 

In this chapter both C- V and constant capacitance measurements were used to 

analyse the responses of organic MIS capacitors to monochromatic light . Also 

included are the responses of MIS capacitor arrays and charge-injection devices 

( CIDs). All device measurements were made at 303K using the setup described 

in Section 3.5.1. 

5 .2 P3HT Absorption spectrum 

The absorption spectrum of P3HT, measured with a Cecil Instruments CE 9500 

spectrophotometer , is shown in Figure 5.1. As reported in the literature, P3HT 

absorbs light of wavelengths between ~400 and 650 nm, the onset of strong 

absorption at ~650 nm revealing a bandgap of ~ 1. 9 e V. Thus P3HT has a useful 

photo-response throughout the visible spectrum. 
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FIGURE 5. 1: Absorption spectrum of P3HT. 

5.3 Organic MIS Capacitors under Illumination 

To determine the optical response of organic MIS capacitors both C- V and 

G /w-V measurements in the dark and under illumination at various wavelengths 

were recorded. 

5.3.1 P o lysilsesquioxane-based M IS Capacitors 

The initial 'dark' C- V and accompanymg G/w- V curves of a PSQ/ P3HT 

capacitor are shown in Figure 5.2. Assuming the accumulation capacitance in 

Figure 5.2(a), ~178 pF, is C1 and that the minimum capacitance, ~130 pF, is 

the series sum of C1 and CD, CD is estimated to be ~482 pF and the P3HT layer 

thickness to be ~ 173 nm. Acceptor doping density, NA , was estimated to be 

~6 x 1015 cm-3 from the linear part of the c-2 vs V plot as detailed in Chapter 

2. The red curve in Figure 5.2(a) shows the typical response of the PSQ/ P3HT 

device during illumination at a wavelength of 400 nm. During illumination the 

minimum capacitance increased from 130 pF to 150 pF, corresponding to a 

decrease in the depletion width from ~ 173 nm to ~87 nm. Also not iceable 

was the positive shift in VFB, ~7 V on the reverse sweep, corresponding to 

~2.5 x 1011 cm-2 electrons trapped either at the P3HT / PSQ interface or in 

the insulating layer, increased hysteresis and stretch-out of the depletion slope. 

Similar behaviour was observed during photo-capacitance measurements on MIS 
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capacitors by Fernandez et al. [61, 114]. The figure also shows C- V plots obtained 

in the dark at various times after illumination. 
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FIGURE 5.2: (a) C-V and (b) G/w- V plots for PSQ/P3HT capacitors taken 
at 1 kHz initially in the dark, under illumination at 400 nm and at various 

times thereafter. 

Stretch-out of the depletion slope observed in the photo- C- V plot coincided 

with an increase in the loss, as seen in the corresponding G/w- V plot (Figure 

5.2(b)). However the loss did not exhibit a sharp peak (as in the dark plots) but 

increased rapidly, initially to ~6 pF after which it continued to increase slowly. 

This latter phase coincided with the bias range (12.5- 20 V) coincident with the 

increased minimum capacitance. Upon commencement of the reverse sweep, the 

loss dropped to a minimum of ~3.8 pF coincident with the increasing depletion 

slope of the measured capacitance. This implies that the loss curve had shifted 

to more positive bias voltages in unison with the shift in VFB· Normally the 

loss peak is due to majority holes interacting with interface traps. Under optical 

excitation photo-generated electrons becoming trapped at the interface could 

create more states for holes to interact with, leading to an increased loss peak 

in depletion. Alternatively, photo-generated electrons within a diffusion length of 

the semiconductor surface, able to respond to an ac signal, could interact with 

electron traps producing the loss peak [110] . Taking the peak value at +20 V, 

the density of interface states was estimated to be ~5.5 xl09 cm- 2 ev- 1 using 

the Hill-Coleman approximation. This is approximately 5 x the estimated dark 

value (~l xl09cm-2 eV-1) . 

Immediately after illumination the minimum capacitance recovered to its initial 

(dark) value, and VFB decreased to ~6.8 V; a change in flatband voltage, LlVFB, 
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of ~1.9 V, corresponding to ~6.6 x 1010 cm-2 electrons remaining trapped at 

the interface. The loss peak in the corresponding G /w- V plot also recovered to 

approximately its initial dark plot value. Thus the density of interface states also 

recovered to its original quantity. Following this initial relaxation, the series of 

plots post illumination indicate a slower de-trapping process as Vp8 shifted back 

to its initial (dark) value. 

No significant differences were observed in the dark and illuminated (>.=400 nm) 

current-voltage plots (Figure 5.3) discounting any notable photo-conduction in 

the insulator layer. When biased in accumulation the applied voltage appears 

across the insulator where most leakage current occurred. In depletion the applied 

voltage appears across both the insulator and depletion region, reducing the field 

across the insulator and the resultant leakage current. 
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FIGU RE 5.3: I- V characteristic of PSQ/ P3HT MIS capacitor in the dark and 
under illumination of light . >.= 400 nm, T = 303K. 

5.3.2 SU8 based M IS capacitors 

The C-V and G/w- V plots for SUS-based MIS capacitors in Figures 5.4 reveal 

a similar response to that obtained with the PSQ/ P3HT capacitors. As noted 

in Chapter 4, the dark C-V plots for devices with thinned SUS 2002 as the 

dielectric layer exhibited high flatband voltages; ~ 13.5 V for this device. When 

fully depleted the minimum measured capacitance fell to ~ 133 pF. Thus the 

depletion capacitance, CD, was found to be ~480 pF from which the width of t he 

P3HT layer was estimated to be ~ 17 4 nm. From the linear part of the slope of 

the 1/C2 vs. V plot the doping density was calculated to be 1.9 x 1016 cm- 3 . 



Chapter 5. Photo-Excitation of MIS Capacitors 97 

The response to 400 nm light resulted in a posit ive shift in VFB beyond the range 

of the LCR bridge ( +40 V). The forward sweep, in the depletion regime, did not 

reach a minimum, but fell gradually to ~165 pF over the available voltage range. 

However the initial stage of the reverse sweep shows that the depletion slope is 

similar to the dark plots. No loss peak in the accompanying G/w- V plot was seen 

due to the limited voltage range of the LCR bridge (Figure 5.4(b)) . 
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F IGURE 5.4: (a) C- V and (b) corresponding G/w- V plots for SU8/P3HT 
capacitors taken at 1 kHz init ially in the dark, under illumination at 400 nm 
and at various times thereafter. The final plots were taken after heating the 
device at 50°C for 16 hours to restore it to its initial dark condition. Hysteresis 

is anti-clockwise in all cases. 

In the subsequent measurement in the dark, Vp8 relaxed back to ~29 V 

indicating ~5.3 x 1011 cm-2 electrons were trapped either in the insulator or at 

the P3HT /SU8 interface. Interestingly, this plot shows that, unlike the PSQ

based device, the capacitance had not returned back to the minimum measured 

prior to illumination. This must therefore be related to the insulator or some 

other artefacts in it which act as electron traps. In Chapter 4 it was found that 

the high flatband voltages in SU8 devices was related to the UV exposure dose of 

the SU8 layer, possibly caused by remnant photo-initiator or other chemical by

products of the photo-polymerization process. It is possible, then, t hat electrons 

had become trapped in states within the insulator which have long relaxation 

times. Also noticeable is the large anti-clockwise hysteresis. After an hour the 

C- V (and G/w- V ) plots were almost identical to the previous measurement, 

with just a slight reduction in the minimum capacitance. 
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After a further 16 hours in the dark, Vp8 was still ~29 V, although the minimum 

capacitance had fallen nearer to its original (dark) value. There is also a reduction 

in the hysteresis. At this point the MIS capacitor was heated overnight at 50°C, 

with a C- V characteristic taken the following day. Vp8 had decreased to a value 

lower than the initial dark measurement, with the capacitance again falling to 

approximately the same minimum value. A similar process is seen for the series 

of G /w- V plots where the loss peak slowly shifted back to its original value. 

Due to the long relaxation of trapped charges a further experiment involved 

exposing a device to 400 nm light during a C- V which produced a response 

(not shown) similar to that recorded previously (cf Figure 5.4). After this 

measurement , the dynamics of the de-trapping process was characterised by 

tracking the de bias required to maintain the device at a constant capacitance in 

the dark, using the PID feedback system described in Section 3.5.3. A suitable 

value of capacitance was chosen from the devices' dark C- V measurement , such 

that it was init ially biased into depletion. Upon illumination the capacitance 

increases due to photo-generated charge, the PID controller then adjusts the 

bias voltage to keep the device at the required capacitance. Thus this process 

effectively tracks the shift in flatband voltage seen in the photo C- V response. 

From the initial (dark) measurement the gate bias required to maintain the MIS 

capacitor at 170 pF was determined to be ~11.5 V (biasing further into depletion 

resulted in PID instability). Figure 5.5 reveals that, at the start of the tracking 

experiment, the necessary bias had increased to ~31.5V (note that the tracking 

program didn't start immediately upon turning off the light , consequent ly the 

initial decay was not recorded), which 50,000 seconds later had relaxed to approx

imately 27.5 V. The inset of Figure 5.5) shows that the tracked bias remained 

fairly constant for ~1000 seconds before relaxing due to de-trapping of electrons. 

Even after 5 hours more than 93% of the charges were still trapped. Retention 

times of this length are comparable to other MIS based organic floating gate 

memory devices [7]. 

The experimental data in Figure 5.5 was fiited to a stretched exponential decay 

or Kohlrausch 's law (green symbols) , which is defined as 

(5. 1) 
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where T is the relaxation lifet ime and /3 is a parameter indicating the degree 

of disorder and distribution of activation energies. The same data could also be 

fitted to a three term exponential decay (red symbols) of the form 

(5.2) 

where T1 , T2 and T3 are characteristic time constants for three exponential decay 

curves. 

For the Kohlrausch fit in Figure 5.5 T = 7.5 x 107 s and f3 = 0.58. The value of 

/3 is similar to that (0.47) determined for poly(phenylenevinylene) (PPV) [166] . 

The use of multiple term exponential functions generally indicates the presence 

of a continuum of trap states. In the case that the three-term exponential is real, 

then the trap depths , Er, may be estimated from the equation 

(5.3) 
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where k is Boltzmann's constant, T the temperature and To is the time between 

attempts to escape, and if related to the phonon frequency is ~10-12- 10- 13 s [61]. 

The fitting parameters and trap depths calculated from Equations 5.2 and 5.3 are 

provided in Table 5.1. The resultant values for Er place the traps approximately 

in the middle of the bandgap of P3HT (Ee ~1.9 eV). 

Exponential Vx T Er (To= 10- 12 s) Er (To= 10- 13s) 
term s eV eV 

Vi 18.77 389996 1.06 1.12 
Vi 0.95 12421 0.97 1.03 
Vi 0.47 2017 0.92 0.98 

TABLE 5.1: Characteristic t ime constants and fitting parameters obtained from 
Equation 5.2 together with trap depths calculated with Equation 5.3. 

An estimate of the time required for the bias to relax back to 11.5 V was found to 

be ~400 hours using Equation 5.2. Linear extrapolation of the relaxation results 

in a decay time of ~ 125 hours. Confirmation of relaxation over these time scales 

was found in a further experiment where, after a C- V plot in the dark, an MIS 

device was biased into depletion (Ve = +20 V) and exposed to 400 nm light 

for ten minutes. A second C-V measurement was obtained immediately after 

illumination, after which the device was left in the dark, under vacuum, for 8 

days (192 hours) . A further C- V plot revealed the device had not fully recovered, 

with VFB still ~2 V higher than the initial measurement (Figure 5.6). 
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FIGURE 5.6: C-V plots of SU8/P3HT MIS capacitor obtained in the dark 
both prior to, immediately, and 8 days after illumination of monochromic light 

(>-=400 nm) demonstrating slow relaxation of VFB· 
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As was found for the PSQ-based device, comparative 1- V plots of the SUS/P3HT 

capacitor both in the dark and under illumination with 400 nm light indicated 

there was no significant photo-conduction in the insulator (Figure 5.7) 
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F IGURE 5. 7: I- V characteristic of SU8/P3HT MIS capacitor in the dark and 
under illumination of light (->-=400 nm) taken at 303K. 

5.3 .3 Discussion 

Both the PSQ and SUS based MIS devices produced similar results during photo

excitation, although the effect was much more pronounced in devices with the 

SUS dielectric. An increase in minimum capacitance has also been observed in 

similar P3HT based MIS capacitors where such behaviour was seen as possible 

evidence of a photo-induced inversion layer [62, 114]. It is interesting to note that 

high frequency C- V plots of wide band gap inorganic MIS capacitors exhibit a 

similar response to illumination [112, 113, 167]. As the time constant for thermal 

generation of minority carriers in wide band gap semiconductors far exceeds the 

de bias sweep rate used for C- V measurements, the MIS devices are driven into 

deep depletion. Upon illumination, photo-generated minority carriers can respond 

to the ac probe voltage, and the resultant C- V plot reveals increased minimum 

capacitance, typical of a normal high frequency (inversion) response [113]. In the 

case of an inversion layer, the population of electrons at the interface is balanced 

by a reduction in space charge in the depletion region, correlating with a decreased 
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depletion width and increased minimum capacitance [62, 115], thus the number 

of free electrons can be calculated using Equation 2.3S defined in Section 2.4. 

If the increase in minimum capacitance of the PSQ device was due to formation of 

an inversion layer then an estimated ~5.1 x l010 cm-2 free electrons were present 

at the P3HT / PSQ interface. Due to the measured capacitance of the SUS devices 

not reaching a constant minimum value, only a maximum value of ~2.3 x 1011 

cm- 2 free electrons can be determined from the C- V plot. 

However the admittance results for both types of MIS device indicate that the 

increase in minimum capacitance during illumination could also be due to a shift 

of the fl.at band voltage to more positive values at a rate equal to the voltage scan 

rate, as shown in Section 5.4. Photo-generated electrons becoming trapped at the 

interface ( or in the insulator) under constant illumination would cause a positive 

shift in VFB at a rate dependent on the photon flux and bias scan rate. The 

trapped electrons effectively shield the semiconductor from the increasing bias, 

reducing its effect until the band-bending required to maintain charge neutrality 

becomes pinned, resulting in a constant measured capacitance. The corresponding 

'plateau' in the loss peaks can also be seen as evidence of this due to the ac signal 

probing the same energy level in the band gap. 

5.4 Effect of measurement parameters on C- V 

photo-response 

In the prev10us sections the response of both PSQ/ P3HT and SUS/ P3HT 

capacitors have been examined using the same experimental parameters. In this 

section the responses of SUS/P3HT MIS devices are analysed under varying 

experimental conditions. The parameters were wavelength, incident power and 

bias scan rate (i.e. the rate at which the C- V response is measured). The devices 

used in these measurements were fabricated with SUS 2000.5 to provide a ~194 

nm thick dielectric layer. P3HT was spun on at 3000 r.p.m. resulting in a layer 

~ 106 nm thick. Doping density, determined from the (dark) Mott-Schottky plot , 

was found to be 3xl016 cm- 3 after annealing under vacuum at 100°C for 10 

hours. Each measurement cycle consisted of a measurement in the dark, under 

illumination and then immediately after excitation in the dark. Devices were then 
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annealed after each measurement cycle for 10 hours to return them to their initial 

states. 
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FIGURE 5.8: C- V and associated G/w- V characteristics of an SU8/P3HT MIS 
capacitor in the dark both before (init ial) , during and immediately after (post) 
photo-excitat ion with light of wavelength (a) 400 nm, (b) 500 nm, (c) 600 nm 
& (d) 700 nm. (Measurement frequency 1 kHz, scan rate 0.2 V/s, T=303K). 
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The responses of the MIS capacitor to photo-excitation at wavelengths between 

400 and 700 nm are illustrated Figure 5.8. Qualitatively the device responds 

strongly to wavelengths where the photon energy (Eph = he/ A) is greater t han the 

optical bandgap. Common to all the results is the increase in Cmin seen in the C- V 

plots and corresponding plateaus in the the G/w- V curves. However, t his effect is 

not as strong when illuminated with A = 700 nm light, where only a small increase 

in Cmin is observed (Figure 5.8(d)). Indeed as the gate bias was swept to more 

positive voltages, the 700 nm curve followed the dark curve beyond the depletion 

slope, before Cmin increased. The reverse sweep shows some hysteresis, indicating 

a positive shift in VFB· This is confirmed by the G/w- V plots where, in the 

forward sweep, the loss peak under illumination lies exactly on top of the initial 

dark peak, however during the reverse sweep, the peak broadened and shifted to a 

more positive bias in unison with VFB· At A= 600 nm (Figure 5.8(c)) the increase 

in Cmin is much larger, as is the shift in VFB· It is also interesting to note that VFB 

appears to have shifted to a slightly more positive value (from the initial dark 

value) during the forward sweep of the C- V measurement, indicating electron 

trapping may have occurred whilst the device was biased in the accumulation 

regime. A congruent shift in the corresponding loss peak can also be seen in the 

G/w- V plots. Similar results were obtained at 400 and 500 nm (Figures 5.8(a), 

5.8(b)). The increase in Cmin was almost the same in both experiments, although 

the observed hysteresis was greater with 500 nm light, as was the increase in VFB 

during the C- V forward sweep. 

A widely used figure of merit for photodiodes and photo-transistors is their 

R esponsivity (R) defined as the photo-current generated per unit light power 

(A/W) [122]. For the purposes of this work it is useful to similarly define the 

R esponsivity (R) of the MIS capacitors as 6.Cmin/ P0 , where P0 is the incident 

power of light at the device surface and 6.Cmin is the increase in Cmin· The 

R esponsivity together with 6.Cmin and the corresponding change in depletion 

width, !::id, obtained at each wavelength are provided in Table 5.2. 

These results indicate Responsivity effectively follows the absorption spectrum of 

P3HT (as shown in Figure 5.1), except at 400 nm: both 6.Cmin, and hence !::id, 

obtained at 400 nm were similar to the values obtained at 500 nm. 

A further comparison of the response at each wavelength can be made by relating 

the increase in VF 8 to the number of photons incident on the device. As noted 

in Section 2.6, for monochromatic light of wavelength A and incident irradiance, 



Chapter 5. Photo-Excitation of MIS Capacitors 

>. Po 6'.Cmin 6..d R 
nm µW pF nm pF/µW 
400 6.03 63 50.7 10.45 
500 5.84 62 50.7 10.62 
600 5.81 54 45.9 9.47 
700 3.24 14 13.2 4.32 

TABLE 5.2: Responsivity of SU8/P3HT MIS capacitor under illumination at 
different wavelengths. 

I opt, the photon flux <l>>. arriving at the MIS capacitor is 

105 

(5.4) 

An estimate of the total number of photons incident on the device may be 

obtained by integrating <I>>. over the duration of the C- V measurement. Neglecting 

the fraction of excitons decaying radiatively and assuming the increase in VFB is 

due to photo-generated electrons becoming trapped, the 'trapping efficiency' can 

be defined as 
NT 

77tr = f <I>>. dt 

where NT= 6..VpaCr/qA is the density of trapped charges. 

>. I opt 6..VFB NT 7Jtr 

nm µWcm- 2 V cm- 2 x10-5 

400 192 7.9 7.33 X 1011 4.79 
500 186 10.1 9.31 X 1011 5.03 
600 185 9.7 8.92 X 1011 4.04 
700 103 3.4 3.13 X 1011 2.18 

(5.5) 

TABLE 5.3: Trapping efficiency of SU8/P3HT MIS capacitors under 
illumination at T = 303K. 

The results in Table 5.3 reveal fairly constant trapping efficiency of ~4- 5 x 10-6 for 

Eph > E9 . This result represents the effective external quantum yield of trapped 

charge carriers. These values are relatively low. However no account has been 

taken of the fraction of light absorbed within the thin (~100 nm) semiconductor 

layer. To determine the internal trapping efficiency the absorption of light within 

the active layer should be considered. It was shown in Section 2.6 that the fraction 
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of incident photons absorbed in the semiconductor per unit area per second is 

(5.6) 

where r and a are the reflection and absorption coefficients respectively. Thus 

the internal trapping efficiency may be defined as 

Nr 
'r/int = N , 

ph(abs) 
(5. 7) 

where N ph(abs) = J N>,dt is the total number of photons per unit area absorbed 

in the semiconductor layer. 

Using Equation 5.6 to calculate the absorbed photon density yields very low 

efficiencies for the quantum yield of charge carriers (see Table 5.4), with 'r/int 

some three orders of magnit ude lower than the intrinsic quantum yield of charge 

carriers (~0.017) for Evh in the range 1.9- 3.0 eV obtained by Dicker et al. [168]. 

The C- V plots for this device, presented in Figure 5.8, indicate that when biased 

into accumulation, there is either lit tle or no effect from the incident irradiation. 

This may be due to efficient recombination of photo-generated charges in the 

semiconductor as, in accumulation, excess holes would rapidly combine with 

negative charges. Thus it is not unt il t he device is driven into depletion that 

efficient trapping of electrons occurs. Interestingly, t he efficiencies at 700 and 400 

nm are more than double those obtained at 500 and 600 nm. This is similar to 

the behaviour of pentacene phototransistors where their response to 365 nm light 

was much greater t han at 650 nm, despite the absorbance at 650 nm being 3 x 

greater [ 169] . 

,\ Q N r N ph(abs) 'r/int 

nm cm- 1 cm-2 cm- 2 x 10- 6 

400 2.3 X 104 7.33 X 1011 3.2 x lOlb 22.9 
500 7.7 X 104 9.31 X 1011 9.58 X 1016 9.72 
600 7.2 X 104 8.92 X 1011 1.00 X 1017 8.89 
700 8.2 X 103 3.13 X 1011 1.02 X 1016 30.8 

T A BLE 5.4: Internal trapping efficiency of SU8/P3HT MIS capacitors under 
illumination at T = 303K. Values for a calculated from P3HT n-k data kindly 

provided by Dr. T . Jenkins, Aberystwyth University. 

Analysis of t he density of interface states, D 1r, (see Table 5.5) estimated from 

the loss peaks ( using the Hill and Coleman approximation [106]) of the G /w-V 
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plots in Figure 5.8, indicate a reduction in D IT during illumination with light 

(where Eph > Eg ). This contrasts with the results noted in Section 5.3 where 

an increase was found. D1r estimated from the subsequent dark G/w- V plots 

(labelled 'post') show further reductions. Conversely there was no change in Dir 

when the device was subjected to 700 nm light, however D 1r increased slightly 

during the post-illumination G/w- V measurement. 

A (nm) 
400 
500 
600 
700 

Dir (cm-2 ev-1 ) 

Dark (initial) Illuminated Dark (post) 
1.63 X 1011 1.41 X 1011 1.02 X 1011 

1.98 X 1011 1.59 X 1011 1.39 X 1011 

2.0 X 1011 1.81 X 1011 1.48 X 1011 

1.4 X 1011 1.4 X 1011 1.54 X 1011 

TABLE 5.5: Density of interface states determined from G/w-V curves in the 
dark and under illumination. 

For each measurement cycle the post-illumination C- V plots show Cmin recovering 

to its pre-illumination level, except for the 400 nm experiment (Figure 5.8(a)) 

where Cmin was still ~6 pF higher at a gate voltage of +20 V . The depletion 

slopes in each case had shifted to higher positive biases, indicative of negative 

charges still trapped at the P3HT /SUS interface resulting in large positive shifts 

in VFB· 

5.4.2 Incident power 

Increasing the incident power results in an increase in the number of photons 

interacting with the semiconductor. Thus an increase in the population of photo

generated charges in the P3HT layer leads to an increase in the minimum 

capacitance, and VFB· Figure 5.9 shows the response of a MIS device to different 

intensities of light of the same wavelength (500 nm). At low intensities (Figure 

5.9(a)) the forward sweep of the C- V plot follows the (initial) dark plot, before 

peeling off at a new Cmin (309 pF). The reverse scan reveals some hysteresis 

with VF B increasing by + 4. 70 V. Similarly the loss plot under illumination 

follows the initial dark plot - the loss peaks coinciding. Immediately after the 

peak the (illuminated) loss plateaus over the same bias range as the increased 

Cmin· During the reverse sweep the loss peak broadened, coinciding with the 

stretched depletion curve observed in the C- V plot. When the irradiance was 
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increased to 108 µW cm-2 (Figure 5.9(b)), the forward sweep diverged from the 

init ial dark plot as the bias approached V FB , and Cmin increased by ~40 pF. 

The increase in intensity also produced larger hysteresis in the device. A similar 

response was seen at the highest intensity (186 µW cm-2
, Figure 5.9(c)), except 

that an increase in VFB is now evident in the forward sweep. Larger increases in 

Cmin ( to 352 pF) and hysteresis were also seen. The loss plots in Figures 5. 9(b) 

and 5. 9 ( c) both show the loss peaks moving to higher gate vol tag es corresponding 

to the shifts in Vp8 in the C- V plots. Also not iceable is the broadening of loss 

peaks and increases in loss plateaus in depletion ( to the right of the loss peaks) 

whose values increased with intensity. 

In each experiment the post illumination dark plots show Cmin returning back 

to the init ial dark value. Vp8 , though, remained more positive, the extent of the 

shift in VFB being dependent upon the intensity of t he light during the photo- C- V 

measurement. 

Responsivity of the MIS capacitor at each intensity is summarized in Table 5.6, 

and reveals that, at >. = 500 nm, low intensities resulted in a greater response. At 

108 and 186 µW cm- 2 the R values are both similar and much lower than that 

obtained at 1.1 µW cm-2
, indicating that as the incident irradiation increases, 

the response appears to saturate. Similar responses were found by Lancaster 

[170] with ITO/ ATO1 / P3HT based MIS capacitors. Saturation effects in the 

photo-response of poly(3, 3" '-didodecylquarter-thiophene) (PQT-12) t ransistors 

was also reported by by Wasapinyokul et al. [171]. 

I opt Cmin R D.Vpa NT rJint 
µW cm- 2 pF cm- 2 pF µvv- 1 V cm- 2 x l0- 6 

1.1 604 549.8 4.7 4.35 X 1011 768 
108 1273 11.8 7.8 7.19 X 1011 13.6 
186 1973 10.6 10.l 9.27 X 1011 9.68 

T ABLE 5.6: Responsivity and trapping efficiency of SU8/P3HT MIS capacitor 
to different intensities of light of the same wavelength (>. =500 nm). 

Analysis of the internal trapping efficiency rJint also reveals the same t rend 

(Table 5.6) , where trapping efficiency for electrons increases with decreasing light 

intensity. The density of interface states (Table 5. 7) reveals a reduction in D IT 

from the init ial dark to the post illumination G/w- V plots, t he percentage change 

1 Atomic layer deposited aluminium t itanium oxide. 
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FIG URE 5.9: C-V and associated G/w- V characteristics of a SU8/P3HT MIS 
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excitation of light of wavelength,\= 500nm, at intensities of (a) 1.1 µW cm-2, 

(b) 108 µW cm- 2 and (c) 186 µW cm- 2 . (Measured at 1 kHz at a scan rate of 
0.2 V /s; T = 303 K). 
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in DIT ranging from ~12% at t he lowest intensity to ~30% at the highest. 

However , given that the values of DIT presented in Table 5. 7 were calculated 

using the approximation introduced by Hill and Coleman, the differences in D I T 
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1.1 
108 
186 

DIT (cm-2 ev-1) 

Dark (initial) Illuminated Dark (post) 
1.55 X 1011 1.52 X 1011 1.36 X 1011 

1.57 X 1011 1.62 X 1011 1.27 X 1011 

2.01 X 1011 1.59 X 1011 1.39 X 1011 

TABLE 5. 7: Density of interface states determined from G /w- V curves in the 
dark and under illumination at different intensities (>.= 500 nm, T=303K, 

frequency = 1 kHz). 

between initial and post measurements may not be of significance. 

5 .4. 3 Scan Rate 

110 

In this experiment the effect of the de bias scan rate on the admittance was 

measured with the MIS capacitor in the dark and under illumination of light 

(>-=500 nm, Iopt=l86 µW cm-2
) . The results of varying the scan rate from 

70 m V / s to 350 m V / s are shown in Figure 5 .10. Both Cmin and the positive 

shift in VFB decreased with increasing scan rate, although there is only a small 

difference in the (overall) shift in VFB and Cmin at the two slowest rates (0.07 

and 0.2 V /s). As the scan rate decreases the initial shift in Vp8 moves to slightly 

more positive values. Thus the MIS device response at each scan rate reflects the 

reduction in time at each measurement point for the photo-generated charge to 

accrue. 
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FIGURE 5. 10: C-V response of SU8/P3HT MIS capacitor in t he dark and 
under photo-excitation of light (>.=500 nm, Iapt=186 µW cm- 2) at different 

scan rates (measured at 1 kHz). 
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Table 5.8 shows that the responsivity, R, of the device decreases with increasing 

scan rate. Conversely the trapping efficiency increases with scan rate. This is 

equivalent to the results obtained by changing light intensity; increasing the 

number of photons the device is exposed to results in a reduction in the efficiency 

of the device. 

Scan Rate Cmin R .6.VFB NT 'TJint 

V/s pF cm pF µW- 1 V cm-2 x l0- 6 

0.07 64 10.95 9.9 9.12 X 1011 3.59 
0.2 62 10.61 9.5 8.94 X 1011 9.07 
0.35 49 8.38 8.7 8.02 X 1011 14.35 

TABLE 5.8: Responsivity and trapping efficiency of SU8/P3HT MIS capacitor 
to 500 nm light at an intensity of 186 µW cm-2 for different bias scan rates. 

5.4.4 Model for the C- V response under illumination 

The results of the previous sections show the measured C- V response of the MIS 

capacitor is dependent upon wavelength, intensity and scan rate. In this section 

a simple model considering these parameters is presented. 

From Equation 5.6 the number of photons absorbed in a semiconductor layer of 

thickness d per unit area per second is N>, . If we now consider only those photons 

absorbed within the depletion layer, width dp, then the total number of photons, 

np, absorbed per unit area per second will be 

(5.8) 

T hese photons generate excitons in the depletion layer which are subject to an 

electric field , and electrons will be generated at a rate given by 

dn(t) = (3np dV I , 
dt dx x=dp 

(5.9) 

where dV / dx is t he field at t he edge of the depletion region determined by the 

surface voltage Vs, x = dp is the depletion width and (3 is a parameter that 

determines the field dependence of exciton dissociation. 
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The electric field at the depletion region edge was defined in Section 2.2.1.3 by 

Equation 2.5 and so the electron generation rate is now 

Assuming all these electrons become trapped so that 

dnt(t) 
dt 

dn(t) 
dt 

(5.10) 

(5.11) 

where nt is the concentration of trapped electrons per unit area. It was shown 

in Chapter 2 that VFB = ¢Ms - QdCi where Qi are the charges trapped in the 

insulator. For dynamic trapping of electrons and assuming ¢Ms= 0, VFB can be 

rewritten as 

(5.12) 

Recalling that the measured MIS capacitance is given as the series sum of the 

insulator and semiconductor capacitances: 

(5.13) 

where the deplet ion width at time t is given by 

(5.14) 

Equation 5.12 shows that VFB is dependent on nt(t) which can be determined by 

substituting for dp(t) into Equation 5.10: 

Equation 5.15 is difficult to solve analytically, however it can be solved numer

ically to provide nt(t) from which dp(t) can be calculated and substituted into 

Equation 5.13 to determine C(t) as a function of Va(t) where Va(t) = Kt and I{ 

is the gate voltage ramp rate. 
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5.4 .4.1 Simulation Results 

In all the following simulations, the insulator capacitance, Ci was set to 14.6 

nF /cm2 and NA to 1 x 1016 cm-3 . Due to their low values, the reflection 

coefficients, r, were ignored. Absorption values, a, were taken from n-k data 

for P3HT (see Table 5.4). 
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FIGURE 5 .11: Simulated effect of wavelength on the C- V response of an MIS 
capacitor. Scan rate= 0.2 V /s, incident photon flux= 1 x 1014 photons/cm2 /s 

and (3 = 1 x 10- 8 for all wavelengths. 

In Figure 5.11 the effect of wavelength on the photo-C- V of the MIS capacitor 

can be seen to be dependent on the absorpt ion coefficient of the semiconductor 

at the wavelength of the incident light. This contrasts with the experimental 

results where the response at 400 nm exhibited a higher trapping efficiency and 

was almost the same as that obtained for 500 nm light. This may be because 

a higher proportion of excitons generated with 400 nm light are located near 

the insulator / semiconductor interface than those generated with 500 nm light. 

Excitons located near the interface are subject to a stronger electric field and 

more likely to dissociate into separate charge carriers, whereas excitons located 

further away from the interface will experience a weaker electric field and be less 

likely to dissociate. 

The simulated responses of the MIS capacitor irradiated with 500 nm light at 

incident intensities of 1- 100 µ W / cm2 are shown in Figure 5.12. In these plots the 

values of /3 were increased from 5 x 10-s, for an incident power of 100 µW /cm2
, 

to 5 x 10- 7 , for 1 µ Vv / cm 2 , to account for the increased trapping efficiency at low 

intensities seen in the experimental data in Section 5.4.2. 

Figure 5.13 presents t he simulations for the C-V responses of an MIS capacitor 

irradiated with 500 nm light at bias scan rates from 0.1 V /s to 0.5 V /s. Values of 
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FIGURE 5.12: Simulation of the C-V response of an MIS capacitor to 
irradiation of 500 nm light at various intensities. Scan rate = 0.2 V /s. 
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/3 were varied between 3 x 10- 9 at 0.1 V /sand 6 x 10- 9 at 0.5 V /s to simulate the 

increased efficiency at higher scan rates seen in the experimental results (Section 

5.4.3) . 
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FIGURE 5.13: Simulation of the C-V response of an MIS capacitor to 
irradiation of 500 nm light at different bias scan rates. Incident power was 

set to 100 µ W / cm 2 . 

The general pattern of behaviour in the simulations is very similar to the experi

mental results, suggesting that t he basic model is correct. Increased minimum 

capacitance and anti-clockwise hysteresis is observed in all the simulations. 

However, before attempting any realistic curve fitting, improvements are required 

in the model to include effects arising from recombination, de-trapping of 

electrons and the presence of free electrons in the semiconductor. These are clearly 

topics for further study. 
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5.5 Temporal Response to Photo-excitation 

The temporal response of organic MIS capacitors to photo-excitation at various 

wavelengths was recorded using a modified version of the PID control system 

described in Section 3.5.3. The program was changed here, though, to enable 

complete control of the sample exposure to light. In particular, a number of 

different wavelengths could be set, with the devices monitored alternately in the 

dark and under illumination. Prior to each measurement cycle, samples were kept 

in the dark and the de bias adjusted until the chosen capacitance was obtained. 

Capacitance values with the device either fully depleted or close to full depletion, 

were found to require changes in bias which were either beyond the range of the 

LCR bridge (Figure 5.14(a)) or caused the PID controller to become unstable 

(Figure 5.14(b)). Thus the following experiments were performed with devices 

biased to avoid such problems. 
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FIGURE 5.14: PID system responses obtained when tracking capacitance 
chosen at (a) bottom of depletion slope, where bias voltages beyond the range 
of the LCR bridge are required to maintain the constant capacitance and (b) 

half way down depletion slope causing instabilities in the PID control. 

5.5.1 PSQ/ P3HT MIS Capacitors 

200 

The C- V response of the PSQ/P3HT MIS capacitor obtained in the dark and used 

in this experiment can be seen in Figure 5.15. Noting the constraints mentioned 

above a capacitance of 160 pF corresponding to an initial bias of ~2.7 V was 

chosen as the capacitance to be maintained constant. 
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FIGURE 5.15: PSQ/P3HT MIS capacitor C- V response in the dark from which 
a capacitance of 160 pF was chosen for the tracking experiment. 
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This device was subjected to light with wavelengths ranging from 1000 nm to 

400 nm, in steps of 50 nm, for 60 s each. After each photo-excitation the device 

was left in the dark for 60 s prior to illumination at the next wavelength. The 

results of this experiment are shown in Figure 5.16 (the inset shows the full 

experimental results obtained over 6000 s to monitor the device relaxation after 

the final illumination). 

6 

2 -+----.--~----~-~---.--~----1 
0 500 1000 

time (s) 

1500 2000 

FIGURE 5.16: PSQ/ P3HT tracking 160 pF under photo-excitation at 
wavelengths from 1000 nm down to 400 nm in steps of 50 nm (shaded stripes 

indicate light on). Inset shows device relaxation after illumination. 

Very litt le effect of the illumination was found at wavelengths longer than the 

absorption edge of P3HT ( 650 nm) , although a slight increase was observed 

at 700 nm. At shorter wavelengths the response was much greater; the bias 

required to maintain a capacitance of 160 pF increased in a similar manner at 

each excitation wavelength. 
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FIGURE 5.17: Normalised response of PSQ/P3HT MIS capacitor extracted 
from data in Figure 5.16. (a) Growth curves under illumination (symbols) 
were fitted to Equation 5.16 (solid orange lines). (b) Decay curves in the dark 
could be fitted to both a double exponential (Equation 5.17, orange lines) and 
Kohlrausch's law (Equation 5.1, black lines) . Symbols are experimental data. 
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The growth and decay curves for photo-excitation at wavelengths 400- 700 nm in 

Figure 5.16 are replotted in Figure 5.17 where the change in bias (~V) has been 

normalised with respect to the number of incident photons/s. These plots show 

the device responded more strongly with increasing photon energy. Interestingly, 

during illumination the increase in~ V follows two phases; an immediate increase 

at the onset of illumination followed by a more gradual increase in ~ V. For two 

processes causing a shift in bias ~ V ( t) then, 

~V(t) = A1(l - e-t/TJ) + A2(l - e-t/r2 ) 

= Vo - A1e- t/r1 - A2e-t/r2' (5.16) 

where Vo = -(A1 + A2) and T1 and T2 are characteristic time constants. The 

bias transients during illumination have been fitted to Equation 5.16, as shown 

in Figure 5.l 7(a). Fitting parameters for the growth curves at each wavelength 

are provided in Table 5.9 which indicates one exponent has a fast time constant 

( order of a few seconds), and the other a longer time constant of the order of tens 

of seconds, which appears to be dependent upon the absorption properties of the 

semiconductor at the wavelength of the incident light. 

Upon cessation of illumination, the bias required to keep the device at 160 pF 

initially falls quickly due to a rapid decrease in VFB (Figure 5.17(b)); this could 

be due to fast de-trapping of electrons from shallow trap states. A much slower 
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A T1 T2 A1 A2 Vo 
400 3.3 121 3.30 X 10- 12 3.18 X 10-ll 3.51 X 10-ll 
450 5.2 218 3.71 X 10- 12 3.05 X 10-ll 3.42 X 10-ll 
500 7.5 257 2.28 X 10-12 5.63 X 10-ll 5.83 X 10-ll 
550 4.3 367 2.06 X 10- 12 6.04 X 10-ll 6.25 X 10-11 

600 3.3 92 1.26 X 10- 12 8.54 X 10-ll 9.83 X 10- 12 

650 3.1 57 2.14 X 10- 13 3.19 X 10- 13 5.31 X 10-13 

700 3.6 55 2.41 X 10- 14 9.13 X 10- 14 1.19 X 10-13 

TABLE 5.9: Parameters used to fit data in Figure 5.17(a) to Equation 5.16. 

A T1 T2 B1 B2 ~V(O) 
400 7.3 141 6.78 X 10-12 8.36 X 10- 12 1.5 X 10-ll 
450 6.7 109 5.62 X 10-12 4.23 X 10- 12 9.85 X 10- 12 

500 7.05 196 7.14 X 10- 12 6.93 X 10-12 1.41 X 10-ll 
550 5.6 203 5.58 X 10- 12 5.64 X 10- 12 1.12 X 10-ll 
600 3.3 199 2.62 X 10- 12 2.86 X 10- 12 5.48 X 10- 12 

650 2.6 189 1.8 X 10- 13 2.41 X 10- 13 4.2 X 10- 13 

700 6.4 256 3.01 X 10- 14 5.99 X 10- 13 9.0 X 10- 14 

TABLE 5. 10: Parameters used to fit decay curves in Figure 5. l 7(b) to Equation 
5.17. 

relaxation of VF 8 then followed. 
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The t ime dependence of decay curves was fitted to the stretched exponential 

(Equation 5.1), and are plotted in Figure 5.17(b) (black curves). The charac

teristic time constants obtained using Kohlrausch's relation were in the range 

~5- 12 s. Values for /3 ranged between ~0.5 and ~0.8, with the highest value 

occurring after illumination with 500 nm light. 

The fit to the Kohlrausch relation, however, starts to diverge at ~50 s and a 

better fit to the decay curves was obtained using a double exponential of the 

form 

(5.17) 

where B 1 + B2 = ~V(O), and is also plotted in Figure 5.17(b) (orange line). Fit 

parameters for the decay process are provided in Table 5.10 from which it is seen 

that the time constants extracted for the initial decay, T 1 , are all very similar, 

~3- 7 s. Extracted values for T2 were also found to be approximately the same, 

~200 s, except for the decay after illumination at 450 nm which is much lower, 

corresponding to the faster decay seen in Figure 5 .1 7 (b) . 
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The long relaxation seen in Figure 5.16, after exposure to 400 nm light was fit ted 

to both the stretched exponential decay law (Kohlrausch law, Equation 5.1) as 

well as a three term exponent ial decay (cf Equation 5.2), from which the time 

dependence of the de-trapping process was obtained. As can be seen in Figure 

5.18 both provide an excellent fit to the measured data, indicating, perhaps, 

t hat Kohlrausch 's law provides a better fit over much longer time scales. Fitting 

parameters for the Kohlrausch function are fJ = 0.214, T = 3399, V0 = 3.32 and 

V 00 = 2.82. fJ determined for the PSQ device is lower than that for the SUS 

device in Section 5.3.2, indicating a higher degree of order in the PSQ device. 

The relaxation process is also much quicker in the PSQ device than for the SUS 

device, as indicated by the much smaller value of T. Trap depths were calculated 

from Equation 5.3, using the characteristic time constants derived from the three

term exponential fit. To, the time between attempts t o escape, was again taken to 

be in the range 10- 12- 10- 13 s. The calculated trap depths are provided in Table 

5.11, and show the traps to be deeper than the range 0.45- 0.57 eV determined 

by Fernandez et al. for PSQ [61]. The table also lists the fitting parameters used 

for Equation 5.2. 
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FIGURE 5.18 : Shift in the bias of a PSQ/ P3HT MIS capacitor whilst t racking 
a capacitance of 160 pF after illumination with 400 nm light . T = 303K. 

The time constants determined here are smaller than those obtained for the 

SUS device in Section 5.3.2, as are the values of Er , indicative of a faster decay 

mechanism for PSQ devices. 
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Exponential Vx T Er (To= 10- 12s) Er (To= 10-13s) 
term s eV eV 
(Vi) 0.777 6.13 0.77 0.83 
(Vi) 0.51 152 0.85 0.91 
(Vi) 0.76 1843 0.92 0.98 

TABLE 5. 11: Fitting parameters from Equation 5.2 and trap depths m 
PSQ/P3HT MIS capacitors calculated using Equation 5.3. 

5.5.2 SU8/ P3HT MIS Capacitors 

120 

The C- V response, measured in the dark at 1 kHz, of t he SU8/P3HT capacitor 

is shown in Figure 5. 19 from which a tracking capacitance of 165 pF was chosen. 

The temporal response of this device to 60 s pulses of monochromatic light at 

wavelengths between 400 and 700 nm is shown in Figure 5.20. As expected the 

device responded most strongly to wavelengths :S 650 nm, with each successive 

illumination at wavelengths down to 450 nm causing an increase in VFB, due to 

photo-generated electrons becoming trapped at the SU8/P3HT interface. Both 

the increase in bias (to maintain the device at 165 pF) during illumination, and 

the decay, with the light off, appeared to be very similar at wavelengths between 

450 and 600 nm. Prior to illumination at 400 nm the bias to track 165 pF had 

increased to ~14.8 V, which for the first ~15 s during illumination at 400 nm 

increased further to 16.1 V. However, instead of increasing further , as observed 

at longer wavelengths, t he bias plateaued and then fell slightly for the remaining 

45 s. During the following dark period (60 s) the bias necessary to maintain 

constant capacitance decayed to ~14.3 V. 

Normalizing these results by dividing 6. V with the incident photon flux provided 

the plots in Figure 5.21, from which it is apparent that, except during illumination 

at 400 nm, 6. V increased with decreasing wavelength - the maximal response was 

recorded at a wavelength of 450 nm. 

As seen in the response of PSQ based devices, the growth in 6. V during photo

excitation comprises two exponents, which could be fitted using Equation 5.16 at 

all wavelengths except 400 nm (Figure 5.2l (a)). At 400 nm the initial transient 

follows the same fast rise seen at other wavelengths for which a single exponential 

term provided the best fit , with a time constant ~5 s (similar to the fast time 

constants obtained at the other wavelengths). After the initial rise the response 
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FIGURE 5.19: Dark C- V response for SU8/ P3HT MIS device from which a 
capacitance of 165 pF was chosen for the t racking experiment . 

16 

~ 14 
Cl) 

cu 
co 

12 

0 

0 
0 
I'-

0 
L!) 
co 

200 

0 
0 
co 

400 

0 
L!) 
L!) 

0 
0 
L!) 

600 

Time (s) 

0 
L!) 
'<:f' 

800 

0 
0 
'<:f' 

1000 

F IGURE 5.20: Change in bias to track a capacitance of 165 pF during photo
excitation at wavelengths from 700 nm down to 400 nm. Shaded areas indicate 

each 60 s illumination. 

121 

rapidly changes to a decay, where the photo-generated charges recombine ( or are 

annihilated) at a faster rate than they become trapped. 

For wavelengths 450- 600 nm the normalized decay curves (Figure 5.21 (b)) 

indicated ~ V recovers faster after irradiation with shorter wavelengths. At 400 

nm the decay curve exhibits a much steeper slope with ~ V becoming negative, 

and the bias required to maintain the constant capacitance had decreased to a 

value lower than before illumination at 400 nm. This indicates the de-trapping 
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F IGURE 5.21 : Normalized response of SU8/P3HT capacitor to light at 
wavelengths between 400 nm and 700 nm. (a) Experimental growth curves 
(symbols) were fitted using Equation 5.16 (orange lines), except at 400 nm 
(see text). (b) Experimental decay curves (symbols) were fitted to both the 

Kohlrausch (black line) and Equation 5.17, except at 400 nm. 

>, T1 T2 Ai A2 Vo 
400 5.7 - - 2.4 X 10- 12 - 2.4 X 10-l:.! 
450 5.1 41.0 2.0 X 10- 12 1.41 X 10- 12 3.4 X 10- 12 

500 5.1 67.9 1.68 X 10- 12 1.31 X 10- 12 2.97 X 10- 12 

550 5.5 179.7 1.43 X 10- 12 2.94 X 10- 12 4.33 X 10- 12 

600 4.4 49.5 9.32 X 10- 13 1.4 X 10- 12 2.33 X 10- 12 

650 3.0 30.5 1.51 X 10- 13 1.88 X 10- 13 3.39 X 10- 13 

700 5.2 60.5 4.24 X 10-14 7.44 X 10- 14 1.17 X 10- 13 

TABLE 5.12 : Parameters used to fit data in Figure 5.2l(a) to Equation 5.16. 

rate in the SU8 device is dependent on wavelength. The normalised data was also 

fitted to Kohlrausch 's relation (5 .1) and the two-term exponent ial of Equation 

5.17. A good fit to Equation 5.17 for the decay seen after irradiation with 400 nm 

light was not possible due to b,,. V becoming negative. Fits to the Kohlrausch 

equation resulted in values of the time constant , T, in the range 9- 20 s which 

increased with photon energy. The values of /3, ~0.5-0.9, are similar to those 

obtained for the PSQ device. As one might expect, the time constants determined 

from Equation 5.17 reveal shorter time constants for shorter wavelength light, 

reflecting the faster decay kinetics seen in Figure 5.21(b) . The time constants 

and fitting parameters for Equation 5.17 are given in Table 5.13. 

Following the response observed at 400 nm further tests revealed that the 

reduction in tracking bias was enhanced at shorter wavelengths. Together with 

the long retention t imes found in the SU8/P3HT capacitors, this effect led to 
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,\ T1 T2 B 1 B2 ~Vo 
400 - - - - -

450 6.1 65 1.61 X 10- 12 1.49 X 10- 12 3.11 X 10- 12 

500 5.2 76.9 1.33 X 10- 12 1.08 X 10- 12 2.41 X 10-12 

550 5.4 127 1.18 X 10- 12 1.04 X 10-12 2.24 X 10- 12 

600 4 187 8.1 X 10-13 1.08 X 10- 12 1.91 X 10- 12 

650 4.7 142.8 1.69 X 10- 13 1.45 X 10- 13 3.14 X 10- 13 

700 8.9 109 4.9 X 10- 14 4.57 X 10- 14 9.11 X 10- 14 

TABLE 5. 13: Fitting parameters obtained from Equation 5.17 for the decay 
curves. 

123 

the idea of a memory device in which dat a could be written with 500 nm light, 

and then erased with 300 nm light . In a further experiment , an MIS device was 

illuminated for 120 s with 500 nm light, kept in the dark for 120 s, illuminated 

with 300 nm light and finally left in the dark for > 10 mins. As expected the 

bias necessary to maintain 165 pF increased due to the photo-generated trapped 

electrons (Figure 5.22). When the light was extinguished an initial rapid decay 

was followed by a much slower de-trapping process, similar to that recorded in 

Section 5.3.2. Irradiation with 300 nm light produced an almost linear reduction 

in the bias to keep the capacitance at 165 pF - indicating a reduction in the 

overall charge within the MIS device. 
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FIG URE 5.22: SU8/P3HT memory device showing change in bias voltage to 
track a capacitance of 165 pF during write (exposure to 500 nm light) and 

erase (300 nm) operations. 
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In order to establish whether any of the device materials absorbed light at 

>. < 400 nm, the absorbance spectra of the materials were individually measured 

at wavelengths between 250- 800 nm. Layers of SU8 and P 3HT were spun onto 

separate soda-lime glass substrates and cured as described in Section 3.3. Cleaned 

ITO substrates were also measured. Unfortunately the absorption spectra of these 

samples below 350 nm were too noisy to draw any reasonable conclusions as 

to which materials were responding to 300 nm light (Figure 5.23(a)). However, 

capacitance measurements of SU8 MIM structures ( with the bias kept at OV) 

revealed an increase in capacitance during exposure to 300 nm light (Figure 

5.23(b)). 
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FIGURE 5.23: (a) Absorption spectra of SU8, ITO and P3HT layers reveal 
noisy data below 350 nm. (b) SU8 MIM device response to illumination at 

wavelengths between 300 and 700 nm. 

The change in capacitance of the MIM device at 300 and 350 nm is minimal 

( < 0.05%), indicating that photo-generated charges within the insulator are 

unlikely to result in the reduction in 6. V observed in the MIS devices. 

MIS devices fabricated with the newer SU8 2000.5 resist did not produce the same 

results. Initially, irradiation with 300 or 350 nm light resulted in an increase in 

the tracking voltage similar to those at longer wavelengths. However repeated 

doses of 550 nm and 350 nm light produced a gradual increase in the tracking 

voltage (Figure 5.24) indicating electron trapping and associated increase in Vp3 . 

As the tracking voltage approached ~ + 10 V the device response to 350 nm light 

altered; after a slight increase, the tracking voltage fell slightly. As Vp3 increased 

further , 550 nm light produced larger increases in the tracking voltage, whereas 

350 nm caused a corresponding drop in the voltage, similar to the response seen 
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with the previous devices (with the SUS 2002 dielectric). The inset in Figure 5.24 

reveals a close-up of the response where the tracking voltage increased to ~15 V; 

the leading edge is due to irradiation with 550 nm light, and the trailing edge 

due to 350 nm light, the relatively 'flat ' regions reveal the response during the 

dark periods. 
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FIGURE 5.24: Constant capacitance response of SUS 2000.5/P3HT MIS 
capacitor when subjected to repeated doses of 550 and 350 nm light for 60 
s each, with a 60 s relaxation in the dark between doses. Inset shows a close
up of the response (bounded area on main graph) after ~6000 s measurement 

t ime. 

As noted in Chapter Four the MIS devices fabricated using the thinned SUS 

2002 exhibited high flat band voltages, generally greater than + 10 V, whereas 

devices made with SUS 2000.5 as the insulator had much lower flat band voltages 

of ~0 V. This difference was ascribed to the dosage of UV light during photo

polymerization of the SUS layer. It is possible therefore that for devices with 

initially high V FB irradiation with UV light below 400 nm results in furt her 

further polymerizat ion of the SUS, reducing Vp8 . However irradiation of SUS 

2000.5 based devices with light gradually increases Vp8 to some critical point 

after which UV light (>- < 400 nm) causes recombination or neutralization of 

trapped negative charges, reducing Vp8 . Thus the response of SUS devices to 

short wavelengths of light is dependent upon the density of trapped charges at 

t he insulator/semiconductor interface. 



Chapter 5. Photo-Excitation of MIS Capacitors 126 

5.6 MIS capacitor array 

An array of MIS capacitors was fabricated as shown in Figure 3.6. SUS was used 

for the dielectric layer as PSQ provided poor quality films when spun onto the 

aluminium gates. Prior to experiment the array was placed under vacuum in the 

cryostat and annealed for an hour. Upon cooling to 293 K C- V measurements 

were made to check the functionality of the capacitors. Unfortunately, a maximum 

of three devices could be tested at any one time in the cryostat , so testing of t he 

array as an 'imaging' device was performed under ambient conditions. 

Figures 5.25 and 5.26 show the results obtained from admittance measurements 

on a typical capacitor in an array. The C- V plot was obtained at 130 Hz, 

and therefore well below the Maxwell-\i\Tagner peak observed in the G/w- f plot 

( ~20 kHz) in Figure 5.25(b) . From the C- V plot in Figure 5.26 the active layer 

is estimated to be ~77 nm thick and the SUS layer ~150 nm. 
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FIGURE 5.25: Frequency response of SU8/P3HT MIS capacitor array under 
vacuum in t he dark. 

Increasing capacitance and loss at low frequencies in the C-f and G /w-f plots 

was seen as evidence of lateral conduction in the capacitors. This was expected 

due to the electrodes extending across the un-patterned P3HT. 

The imaging properties were tested by careful placement of a shadow mask over 

the array, whilst ensuring that both dark and light areas lined up over the imaging 

'cells' . The shadow masks were fabricated by printing patterns, based on a 3 x 3 

matrix, onto transparent overhead projector sheets (Figure 5.27). Arrays were 

exposed to white light from a Schott KL 1500 electronic light source. Prior to 
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F I GURE 5 .26: SU8/ P3HT MIS capacitor C- V and G/ w- V response under 
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irradiation the dark capacitance of each cell was measured using the Agilent LCR 

met.er. Measurements were made with the devices biased into depletion with a 

gate voltage of +20 V. Upon irradiation the capacitance of each cell was again 

measured. 

Shadow mask 

Array 
substrate 

FIGURE 5.27: Schematic showing capacitor array with shadow mask attached 
to glass substrate. 

Figures 5.28(a) and 5.28(b) are 3D representations of the array capacitances in 

the dark and under illumination respectively with the shadow mask aligned over 

the array. These results show that those devices which were exposed to the light 

provided an increased capacitance, whereas those under the shaded areas of the 

mask revealed little or no response. Variou.· designs of shadow mask (based on 

the 3 x 3 matrix) were used ; as expected, devices exposed to light revealed an 

increase in measured cap acitance, ,vhereas t hose in the shadows retained their 

·dark· values. Thus the measured capacitances of the array cells provided an 
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(a) (b) 

FIGURE 5.28 : 3D histograms of the 3 x 3 array capacitance, measured (a) in the 
dark, and (b) under illumination with the shadow mask in place. The response 
under illumination reveals an image of the shadow mask. All measurements 

were obtained at a bias of +20 V and frequency of 1 kHz. 
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'elect ronic' image of the shadow mask. Due to the photo-oxidative doping of 

P3HT [137], and the longevity of trapped charges in these devices, each array 

was only used once for t hese experiments. 

5. 7 Charge Injection Device 

Insulator ~ 
Au electrode 

/ P3HT 

~ -~- - Opaque 
electrode, G2 

/<--+---+----'......._ Glass 

!1::;;;~:'.'~'.""' hf~ Mete, '"bstcate 

FIGU RE 5.29: Schematic of charge-transfer experimental set-up. 

The charge injection device (CID) as introduced in Chapter 2 is an array of MIS 

capacitor pairs. Here such devices were used to establish whether any charge 

generated during photo-excitation in one capacitor cell can be transferred to 

an adjacent cell. The CIDs used in this study were fabricated as described in 
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Section 3.4; as a briefrecap, one cell (CID-1) had a semi-transparent electrode to 

allow photo-excitation, the other (CID-2) an opaque electrode to prevent charge 

generation due to stray light . Referring to the schematic of the experimental 

set-up (Figure 5.29), when a bias V1 is applied to the gate, G1 , of CID-1 , a 

potent ial well is formed under the gate. Upon illumination, photo-generated 

charge should accumulate above the gate. When the bias Vi is increased to the 

same or preferably higher value than Vi, a deeper potential well is formed above 

G2 . The resultant potential gradient between the wells should cause any 'free' 

elect rons to drift from CID-1 to CID-2, increasing the measured capacitance of 

CID-2. Thus, during a C- V measurement, when the bias applied to CID-2 is swept 

beyond the bias applied to CID-1 a change in the C- V plot , when compared to 

its 'dark ' plot, would be expected if sufficient charge is transferred. 

In Section 5.4.2 it was shown that the MIS capacitors produced a greater 

responsivity at low intensit ies of light. Hence as a further safeguard against the 

incident light affecting CID-2 ( even though CID-2 was fabricated with an opaque 

gate) the light intensity was kept low, and the beam focused onto the gate of 

CID-1. 

Despite fabricating the devices as described in Section 3.4, the dark C- V plots in 

Figure 5.30 for the first batch of devices revealed very similar capacitance values 

in accumulation. Even though the dielectric layers of each cell were expected 

to be of different thicknesses, the SU8 layers for both cells were estimated to be 

~ 160 nm thick, and the P 3HT layer ~ 100 nm. From Equation 2.39, the maximum 

storage capacity of these cells is estimated to be ~ 1.1 x 1012 electrons/ cm2 at a 

gate bias of 10 V. 

As shown in Figure 5.30(b) a further C-V plot of CID-2 (red line/diamond) 

was obtained with CID-1 biased at +5 V. This resulted in the measured response 

coinciding exactly with the measurement taken with no bias on CID-1, indicating 

that there were no parasitic effects from biasing CID-1 into depletion. However 

the C- V plots revealed CID-2 suffered from gate leakage when biased into 

accumulation at voltages between -6.5 and -10 V. This effect was also seen in 

the G/w- V characteristics of both CID-1 and CID-2 (Figure 5.31) where the loss 

increased rapidly as the cells were biased further into accumulation. 

Prior to any charge transfer experiments both cells were illuminated with 550 nm 

light (incident power of 25 µW). Figure 5.32(a) shows the response obtained 
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F IGURE 5. 31: G/ w- V plots of (a) CID-1 measured in t he dark at a frequency of 
500 Hz and (b) CID-2 measured in the dark with CID-1 un-biased (black) and 
CID-1 biased at +5 V (red). CID-2 revealed high loss values for accumulation 

voltages greater than -3 V. 
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for CID-1, where the C- V plot during illumination revealed both increased 

minimum capacitance and hysteresis. An estimated ~ 4.2 x 1011 cm-2 electrons 

were responsible for the increased hysteresis. No such response was seen in CID-2 

(with CID-1 not biased, Figure 5.32(b)), the gate electrode being thick enough 

to prevent light transmission into the active region. 

The preceding results indicated that the CID structure was suitable for the charge 

transfer experiment . With CID-1 biased into deplet ion ( + 5 V on the gate) and 

illuminated with 550 nm light , a C- V measurement was made on CID-2. The 
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FJGURE 5.32: C- V responses of CID-1 and CID-2 both in the dark and under 
illumination with >-=550 nm. In (a) CID-1 was illuminated through the semi
transparent electrode and provided the expected response to illumination. (b) 
The opaque electrode of CID-2 prevented any photo-excitation. Measurement 

frequency was 1 kHz. 

resultant plot is shown in Figure 5.33. As a comparison, plots obtained in the 

dark both immediately prior to, and after, illumination are also shown. The plot 

(red line and symbol) taken during illumination follows the init ial dark plot until 

CID-2 is almost fully depleted, after which the minimum capacitance is seen 

to be slight ly higher. This small increase in the minimum capacitance (2.6 pF) 

corresponds to a decrease in depletion width of ~7 nm, indicating there had 

been a migration of mobile electrons through the semiconductor from CID-1 to 

CID-2. During the reverse sweep a large increase in hysteresis was seen, indicating 

a positive shift in V FB of ~2.9 V, corresponding to ~3.2 x 1011 cm- 2 trapped 

electrons at the interface. This is ~76 % of the number of electrons estimated 

to be trapped at the interface of CID-1 in Figure 5.32(a) . The subsequent dark 

C- V plot obtained immediately after illumination shows that there were still 

~9.2 x l010 cm- 2 electrons trapped at the SU8/ P3HT interface. As previous 

experiments had shown CID-2 did not respond to direct illumination, the result 

of t he charge transfer experiment indicated that electrons had been transferred 

to CID-2 during illumination of CID-1. 

Because the devices from the first batch did not have a 'stepped ' gate structure, 

as depicted in Figure 5.29, the subsequent batch were made with un-thinned SUS 

2000.5 as the dielectric. This resulted in much thicker dielectric layers; ~1.38 µm 

and ~500 nm for CID-1 and CID-2 respectively as calculated from their dark C- V 

plots (Figures 5.34, 5.35) . The P3HT layer was estimated t o be ~80 nm thick 
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for CID-1 and ~95 nm for CID-2. The maximum storage capacity was estimated 

to be ~2.8 x l010 electrons cm-2 for CID-1 and ~7.7 x l010 electrons cm-2 for 

CID-2. 
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F IGURE 5.34: C- V plots of CID-1 taken in the dark prior to, and during 
illumination with 550 nm light at an intensity of 140 µW. AC measurement 

frequency was 500 Hz. 

The initial dark C- V plot of CID-1 revealed the device was fully depleted with 

~2 V bias on the gate. The response of CID-1 to illumination of 550 nm light 

with an incident power of 140 µW is also seen in Figure 5.34. Unlike the first 

batch of devices, no increase in the minimum capacitance was observed during 

illumination. This may be due to the much thicker dielectric layers in these 

devices compared to the first batch, resulting in lower electric fields in the 
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insulator and depletion layer. However the observed increase in hysteresis equates 

to ~l.55 xl010 cm- 2 electrons trapped at the insulator/semiconductor interface. 

During preliminary tests, similar to those described for the first batch of devices, 

CID-2 did not respond either to illumination or biasing CID-1 at +5 V. 

During the charge transfer experiment the gate of CID-1 was held at O V. As 

was the case for the previous batch of devices, the C- V plot for CID-2 (red 

line and symbol in Figure 5.35) shows increased hysteresis during illumination 

of CID-1, although an increase in the minimum capacitance was not observed. 

The increased hysteresis , compared to the initial dark plot, can be attributed 

to ~ 1. 42 x 1010 cm - 2 electrons trapped at the semiconductor/ insulator interface, 

which is ~70 % of the estimated number of trapped electrons responsible for 

the increased hysteresis seen in CID-1 when under illumination (Figure 5.34). 

The increase in hysteresis in CID-2 can be seen as evidence of photo-generated 

electrons which had drifted from CID-1 to CID-2, and becoming trapped at the 

semiconductor/insulator interface in CID-2. 
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FIGURE 5.35: C- V plots of CID-2 taken in the dark and during illumination 
of CID-1 with CID-1 held at a bias of 0 V. AC measurement frequency was 

500 Hz. 

Further evidence of charge transfer was obtained by measuring the displacement 

current during illumination of CID-1. For this experiment the gate electrodes 

of CID-1 and CID-2 were connected in series with a Keithley 617 and 6517B 

electrometer respectively, as shown in Figure 5.36. A voltage of -5 V was applied 

to the ohmic contact, biasing both devices into depletion. Due to the structure 

of the CID, the field in cell CID-2 is greater than in CID-1, and thus any free 

electrons should drift from CID-1 to CID-2. 
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-5 V 

FJG URE 5.36: Experimental set-up to measure displacement current. 

To minimize the effect of the initial transient ( due to the applicat ion of the bias) . 

measurements commenced 5 minutes after the bias was applied. As the resultant 

plots show (Figure 5.37) this t ransient was still present in CID-1 , at the start 

of the illumination when light of wavelength 550 nm and incident intensity 140 

p 'W, from the monochromator was focused onto CID-1 , and cycled on and off for 

periods of 60 seconds each. The red plot in Figure 5.37 shows the response of 

CID-1, which clearly responds to the illumination phase. Although superimposed 

on the transient response, an initial 'step ', with a magnitude of ~1.09 pA, is 

evident in the plot. Successive cycle.· of illumination produced similar responses 

from CID-1, although the photo-enhanced current decreased with each successive 

exposure to light . As soon as the light was extinguished the current decayed back 

to the underlying baseline. CID-2 also produced a sharp initial increase in current , 

~0.83 pA during the first cycle. Following the initial response the current decayed 

during the light-on period to ~0.4 pA above the baseline. During the dark phases 

an initial reduction in current could be seen followed by gradual decrease in the 

cmrent decay to ~3.3 pA. 

The ratio of the displacement currents during illumination , h / 11 , was 0. 76. 

where 11 and 12 are the currents in CID-1 and CID-2 respectively. This ratio 

is almost the same as that found for the ratio of trapped electrons in the 

C- V measurement above (0. 7). A correlation between the ratios of trapped 

electrons and displacement currents can be found by relating t he displacement 

current to the change in capacitance caused by electron trapping at the 

semiconductor/insulator interface. The displacement current in a capacitor is 

defined as 
I = c d(V ) v d(C) 

dt + dt ' (5.18) 
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FIGURE 5.37: Displacement currents measured in CID-1 (red) and CID-2 
(black). 

however in this experiment the voltage V is constant and Equation 5.18 reduces 

to 

I = Vd~~). (5. 19) 

In depletion the capacitance, C(t), of the semiconductor at a time tis dependent 

on the depletion width d(t) : 

(5.20) 

where c5 is the relative permittivity of the semiconductor and co is the 

permittivity of free space. 

If there are nt electrons trapped at the semiconductor/insulator interface at time 

t t hen the depletion width reduces by (from Equation 2.38) 

(5.21) 

therefore the depletion width at t ime t is 

d(t) = d - ~~). (5.22) 

Thus the capacitance is now 

(5.23) 
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and 

= EoEsNA ( (NAd ~ nt)2 ) dd:t. (5.24) 

At t ime t = 0 there a.re no trapped electrons, nt = 0, and 

(5.25) 

The ratio of initial displacement currents in CID-1 and CID-2 should therefore 

be 
C2 dnt2 

d2NA2 dt 
C1 dnn ' 

d1NA1 dt 

(5.26) 

where the subscripts 1 and 2 refer to CID-1 and CID-2 respectively. Rearranging 

Equation 5.26 provides the ratio of electron trapping rates: 

dnt2 
dt 12 C1d2NA2 
dnn = 11 C2d1NA1 · 
dt 

(5.27) 

The acceptor doping density NA for CID-1 and CID-2 was determined to 

be ~9 x 1015 cm-3 and ~5.4 x 1015 cm-3 respectively, as deduced from Mott

Schottky plots. Assuming that CID-1 and CID-2 are both in depletion when 

biased at 5 V, and using the magnitude of the peak currents obtained for CID-1 

and CID-2 from Figure 5.36, Equation 5.27 yields an electron trapping ratio of 

0.66 which is very close to the ratio determined from the C- V plots. 

5.8 Summary 

C- V measurements have shown PSQ and SUS based MIS capacitors responded 

to monochromatic light of wavelengths in the range ~700 nm and ~400 nm as 

the devices enter depletion. The response manifests itself as an increase in the 

minimum measured capacitance in depletion as well as a shift to more positive 

values of the flatband voltage, which is seen as increased hysteresis in the C-V 
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plot. Shifts in Vp 8 are caused by photo-generated electrons becoming trapped at 

the semiconductor/insulator interface. The increased flatband voltage was caused 

by photo-generated electrons trapped either at the semiconductor /insulator 

interface or in the insulator. Also the trapped electrons effectively shield the 

semiconductor from further increases in bias. Consequently charge neutrality is 

maintained at the same degree of band bending and the depletion region stops 

growing consistent with an increased minimum capacitance in depletion. 

Relaxation of Vp8 to its initial dark value was found to be dependent upon the 

dielectric used. C- V measurements obtained immediately after and at various 

times thereafter revealed the relaxation took much longer in the thinned SUS 

devices than the PSQ devices. Constant capacitance measurements revealed 

relaxation of Vp8 for the SUS device took in excess of 125 hours at room 

temperature after exposure to 400 nm wavelength light. In comparison relaxation 

of charges in the PSQ device took ~5 hours after illumination. The kinetics of the 

relaxation process was found to follow a non-exponential decay which could be 

described either by Kohlrausch's law or a three-term exponential function, from 

which trap depths were estimated to be deeper in the SUS device. 

The characteristics of the C- V response were seen to depend on wavelength, 

incident power and bias scan rate. A R esponsivity was defined as the ratio 

of the change in minimum capacitance and incident light power, from which 

the responsivity was seen to increase with photon energy. The MIS capacitors 

were also found to be sensitive to the incident power, being more responsive 

at lower intensities, and was measured in terms of trapping efficiency. Trapping 

efficiency was defined as the ratio of trapped electrons ( determined from the 

increase in Vp8 ) to the number of photons absorbed in the semiconductor layer. 

As the incident intensity increased, the trapping efficiency decreased indicating 

the device was reaching saturation, and recombination of carriers exceeds the 

electron trapping rate. Increasing the bias scan rate decreases the effect of 

illumination on the C- V response. At slower scan rates the integration time 

for photo-generated electrons is proportionately longer, increasing the number 

of electrons becoming trapped. However as the scan rate decreased the trapping 

efficiency increased, which is also indicative of saturation effects. A basic model 

for the C- V response of MIS capacitors under illumination was developed. 

Simulated responses were similar to the experimental results, indicating the basic 

model is correct. However the model requires further improvement to account for 
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recombination, de-trapping of electrons and the presence of free photo-generated 

electrons in the semiconductor. 

The loss peaks also shifted to more positive biases corresponding to the shifts 

seen in the C- V plots, although they were broader under illumination, indicating 

a wider distribution of traps could respond to the ac signal. Analysis of t he loss 

peaks revealed that illumination did not significant ly alter the density of interface 

states. 

Generally the increase in VFB during 60 s pulses of light could be described 

by a two-term exponential function. T he initial response of both P SQ and SUS 

MIS capacitors was similar with characteristic t ime constants of ~5 s. After this 

initial growth the SUS devices tended to saturate, whereas in the PSQ devices 

VFB continued to increase at a slower rate. This difference is probably due to the 

chosen value of capacitance to track. The value chosen for the PSQ placed the 

device further into depletion than the SUS device resulting in a wider depletion 

region in which excitons can dissociate. Decay characteristics also revealed a 

two stage process which were fitted to the stretched exponential or Kohlrausch 

equation, although a better fit was obtained from a two-term exponential function 

over the duration of the measurement. Initial decays in both PSQ and SUS 

devices were similar with time constants of ~3- 5 s. Time constants for the 

second phase of the decay in the SUS device decreased after irradiation of light 

with shorter wavelengths, indicating a correlation between photon energy and 

the decay kinetics after irradiation. T his effect was not seen in the PSQ device 

which generally exhibited similar time constants after illumination with different 

wavelengths. 

Irradiation with sub 400 nm light effectively erased the charge from the SUS 

device, t hus irradiating the device with 500 nm light injected charge and a 

subsequent pulse of 300 nm light reduced the overall charge within the device; 

a write/erase process for a memory device. It was supposed that remnant 

photo-initiator within the insulator, sensitive to UV light, initiated further 

polymerization of the SUS reducing VFB as seen in Chapter 4. 

An array of 3 x 3 MIS capacitors was fabricated and shown to be able to act as 

an imaging device using a simple shadow mask. These arrays were tested in air 

but degraded fairly quickly. 
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Finally, charge injection devices indicated that some charge had been transferred 

between adjacent MIS capacitors in a charge injection device structure. Using 

a thick opaque electrode, control experiments revealed that the CV response 

of t he receiving capacitor (CID-2) was unaltered during irradiation, whereas 

the capacitor with a semi-transparent electrode (CID-1) did respond. A C-V 

measurement on CID-2 whilst CID-1 was irradiated with light and biased into 

depletion, revealed an increase in minimum capacitance and hysteresis, indicative 

of charges flowing from CID-1 into CID-2. The ratio of t he increase in hysteresis 

between CID-1 and CID-2 was estimated to be 0.76. A further experiment 

measured the displacement currents during illumination of the structure. The 

ratio of displacement currents between CID-1 and CID-2 was 0.66 which correlates 

well with the shifts seen in the C- V plots. 



Chapter 6 

Organic Photo-Detector for 

Integrated Surface Plasmon 

Resonance Biosensors 

6.1 Inroduction 

This chapter presents the results of work undertaken in collaboration with Dr. M. 

Bora of the Soft Semiconductor Group, Massachusetts Institute of Technology, 

under the supervision of Associate Professor Marc Baldo and published in Optics 

Express [172]. 

Surface plasmon resonance (SPR) is a highly sensitive and powerful technique 

allowing real-time, label-free measurement of biomolecular interactions. Current 

techniques for SPR biosenesing involve the use of carefully aligned optics, often 

resulting in large, costly systems. This work demonstrates progress towards an 

integrated, inexpensive mobile device. 

6.1.1 Surface Plasmon Resonance 

Surface plasmon polaritons or surface plasmon waves (SPW) are electromagnetic 

waves that propagate parallel to a metal/ dielectric interface, and decay expo

nentially into both media (see Figure 6.1) . The SPW is a transverse magnetic 

140 
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(TM) polarized wave (i.e. t he magnetic vector is perpendicular to the direction 

of propagation), with a wavevector k sp given by [173] 

(6.1) 

where w is the angular frequency, c the speed of light, Ed = E~ + j E~ and Em = E;n + 
jE;;1. are the complex dielectric constants of t he dielectric and metal respectively. 

Thus k sp is also complex, with the imaginary part representing losses in the 

materials. For a lossless device E:; = E;~ = 0 and, provided E~ and E;11 are of 

opposite sign and E;n < -E~. k sp is positive and surface plasmon modes exist 

[174] . These conditions imply E;11 must be negative as E:, is usually positive, and 

are fulfilled by metals such as gold, silver and aluminium at optical frequencies 

[173] . 

cm 

dielectric 

k~-P ~ ~ ~ ~ - ---+++---+++--
'-./ ~ '-./ '....:.__,,,f 

metal 

z 

Fl Gu RE 6 .1: The charges and electromagnetic fields of surface plasmons 
propagating a.long the metal/ dielectric interface in the x direction. The Ez 

field decays exponentially into both media. Adapted from Ref. [17 4]. 

Surface plasmons are excited into resonance by an optical wave provided the 

wavevector of t he light. kph · matches t hat of the SFW at t he metal/ dielectric 

interface. However direct excitation is not possible as ksp is larger t han k ph· The 

momentum of the incident light can be enhanced through either diffraction, or 

attenuated total reflection (ATR) using prism couplers [173, 174]. The most. 

common arrangement is the Kretschmann configuration, Figure 6.2(a). Light 

coupled through a high refractive index prism in the Kret. chmann configuration 

is totally reflected at the base of the prism, inducing an evanescent wave which 

propagates along the metal/ dielectric interface, where 

(6.2) 
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and 0 is the angle of incidence, np t he refractive index of the prism and ,\ the 

wavelength of the incident light. Thus, adjusting the angle of incidence changes 

the wavevector of t he evanescent wave and the condit ion for surface plasmon 

resonance (SPR), ksp = kph , can be met. At resonance, energy is transferred 

from the light wave to a surface plasmon; this process is accompanied by a dip 

in intensity of the reflected light (Figure 6.2(b)). As indicated in Figure 6.1 the 

electromagnetic field associated with the SPW extends further into the dielectric 

medium than into the metal layer, resulting in the SPR condition being highly 

sensit ive to the optical propert ies of the dielectric adjacent to the metal film 

[175]. Thus variations in the optical properties of the dielectric can be measured 

by sensing changes in the SPR condition. Small changes in the refractive index of 
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FIGURE 6. 2: (a)Surface plasmon resonance in the Kretschmann configuration. 
Resonance occurs at the incident angle where the wavevectors of the light and 
SPW are matched, resulting in a dip in the reflectivity. Bound analytes change 
the refractive index of the adjacent dielectric, increasing the resonant angle. 
(b) Sensorgram of reflectivity vs. incident angle illustrating shift in resonance 

and measurement of 6.R. 

the dielectric alters the angle of resonance. Absorption of biological or chemical 

species increases the refractive index at t he sensor surface producing a change in 

ksp and consequent ly a shift in the angle of resonance. If the angle of incidence is 

maintained, a change in reflectivity, 6.R, can be measured. Detection of specific 

species is facilitated by functionalization of t he metal surface with a suitable 

receptor. Analytes in a buffer solut ion, with a refractive index lower than the 

prism, flowing over the functionalized surface bind to the receptors causmg 

changes in the local refractive index producing a measurable signal. 
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The SPR electromagnetic field penetrates further into the dielectric when silver 

is used as the metal layer rather than gold , and provides the highest sensitivity. 

Silver , though, is prone to oxidation so that gold is the preferred choice [175]. 

6.1.2 N ear-fie ld detection of surface plasmons 

Conventional SPR spectroscopy uses a far-field detect.or in the form of a photo

diode or CCD array positioned to measure the intensity of the reflected light 

beam. Integration of a near-field detector with the sensing gold layer would reduce 

the optical complexity and lead to more compact devices. Optimum sensitivity 

in a conventional SP R sensor is obtained with ~50 nm thick gold layers [174] . As 

previously stated the electromagnetic field extends into the dielectric. which is 

enclosed within a microfluidic chamber, v,,hereas the field at the other surface of 

the gold layer is negligible, preventing placement of a near-field detector on the 

external surfaces. Maple et al. have demonstrated SPR detection in a ~ 100 nm 

thick organic photovoltaic cell (OPV) by splitting the SPvV supporting layer in 

two and sandwiching the OPV between the layers [176]. Figure 6.3 illustrates 

how near-field detection of surface plasmons can be implemented by in. erting an 

OPV between two thin gold layers. 

Surface 
plasmon 

.. 
' ' 

- 100nm: 
' ' .:, 

11'r: 
Au cathode 
Organic PV 
Au anode 

F IGURE 6.3: Cross-section of a near-field plasmon detector. The conventional 
for-field detector has been replaced by an organic photovoltaic cell sandwiched 

between two gold layers. 

The function of the detector is to convert plasmon modes into an electrical signal. 

This requires a strong electromagnetic field extending through the OPV, forming 

excitons which dissociate into free mobile charges. Following the method reported 

by Celebi et al. [177], simulation of the electric field within a model OPV as 

a function of incident angle, indicates that a strong field extends through the 

OPV at resonance (Figure 6.4). For off-resonance angles. incident light is mainly 

reflected. 
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FIG URE 6.4: Simulation showing the relative amplitude of the electric field for 
the transverse magnetic mode. The field extends through the organic layers 
with a maximum amplitude observed at the gold/water interface. Simulation 

courtesy of M. Bora. 

6 .1.3 Photocurrent generation 
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The mechanism of photocurrent generation within the SPR sensor is illustrated in 

Figure 6.5. Upon illumination at the critical angle, surface pla.smons a.re excited 

into resonance. Energy from the plasmonic modes is absorbed in the organic layer. 

forming excitons (bound electron-hole pairs). Excitons which diffuse towards a 

donor/ acceptor interface dissociate generating charges. As the potential difference 

between the ionisation potential of t he donor and electron affinity of the acceptor 

is greater than the exciton binding energy, the bound pair dissociates with t he 

elertron hopping to the L UNI O of the acceptor. The hole stays in the donor 

material and the resultant charges diffuse to the contacts where they can flow 

into an external circuit. 

6.2 Experimental 

13 111111 x 13 111111 square substrates of high refractive index glass. n=l .72 

(SFl0. Schott AG), were d eaned following the cleaning process outlined in 

Chapter 3, and then transferred to a N2 glovebox. Devices were grown in an 

Angstrom thermal evaporator under high vacuum < 3 x 10-6 Torr. A 3 nm chrome 

adhesion layer and 20 nm gold film were evaporated, at 0.5 A/s and 1 A/s 
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FIGURE 6.5 : Four steps in the process of photocurrent generation. The boxes 
represent the relative energy gaps of the donor and acceptor. The dashed lines 
between the electrons ( • ) and holes ( o) represent excitons. In step 1 t he surface 
plasmon has been absorbed by the OPV forming an exciton, with a binding 
energy ~0.5- 1 eV within the donor bandgap. During step 2 the exciton diffuses 
to the donor/acceptor interface where it dissociates (step 3). In step 4 electrons 

and holes diffuse to the contacts . Adapted from Ref. [178]. 
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respectively, through a shadow mask to form the anode (four per substrate). The 

organic materials, copper phthalocyanine ( CuPC), buckminsterfullerine ( C60) and 

bathocuproine (BCP) (Sigma Aldrich), were purified by thermal sublimation prior 

to thermal evaporation [179]. Three organic layers: 10 nm CuPC, 20 nm bulk 

heterojunction of CuPC and C60, 10 nm C60 were deposited at 1 A/s through a 

shadow mask. An 8.5 nm BCP film acts not only as an exciton blocking layer [180], 

but also protects the C60 layer from penetration of evaporated metal [176, 181]. 

Finally a 20 nm gold top electrode was patterned through a third shadow mask. 

This resulted in devices ~100 nm thick, with an active area ~0.79 mm2 as 

shown in Figure 6.6. Polydimethylsiloxane (PDMS, Dow Corning) microfluidic 

flow chambers, with a volume of 1.2 µL, were moulded from SU8 masters using 

a mixture of 10: 1 elastomer to primer and baked overnight in a vacuum oven 

at 65 °C. Flow chambers were fitted to the top gold contact of the fabricated 

photovoltaic cells. PEEK™ bio-compatible tubing (Upchurch Scientific) and 

associated connectors were used to connect the flow chamber to an Agilent llOO 

HPLC autosampler. 

The completed biosensor (Figure 6. 7) was attached to a hemi-cylindrical prism 

(fabricated from SFlO glass) using index matching fluid (Cargille Laboratories). 

The whole assembly was mounted on a motorized rotation stage (AF Optical) 

such that the rotational axis and symmetrical axis of the prism were in alignment. 

Thus the incident angle of t he light source could be altered by rotating the 

stage. A 1 µW 670 nm wavelength laser provided the light which was collimated, 
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F IGURE 6.6: Device structure of organic photo-detector for surface plasmon 
resonance biosensing applications . A thin organic photovoltaic cell is 
sandwiched between two thin gold electrodes to provide near-field detection 
of SPR. The PDMS flow chamber sits on the top gold electrodes. which act as 

the biosensing surfaces. 
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p-polarized and focused onto the sample. Reflectivity was tracked by measuring 

the photo-current from a silicon photo-diode. Photo-current from both the organic 

photovoltaic and silicon detector were measured with a Keithley 2602 dual source

meter at a sampling period of 1 s, with the sensor surface (cathode) grounded . 

Autosampler 

• y''' • Au cathode 
Organic PV 
Au anode 

Glass substrate 

Microfiuidics 

1 mW 670nm laser 

----

Prism 

Silicon 
photodetector 

FIG URE 6. 7: Experimental setup. A thin OPV is sandwiched between two 
thin gold layers. Analytes in a buffer solution flow through the microfluidic 
circuit under the control of the autosampler. P-polarized light is provided by 
a 1 rn \l\T laser at a wavelength of 670 nm. Binding events at the gold surface 
cause changes in the intensity of reflected light and photocurrent which are 

monitored as a function of incident angle. 
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Programmed pulses of water and bio-molecular solutions were delivered to the 

sensor in a saline buffer by an Agilent 1100 autosampler. The flow rate of the 

buffer solution was set at 250 µ1/min and the injection volume of the pulses was 

set at 125 µl. Prior to injection of any pulses the microfluidic system was flushed 

with the buffer solution. 

6.3 Results 

The current-voltage (I-V) characteristics of a typical device, obtained both prior 

to, and during HEPES buffer flow through the microfluidic system under ambient 

conditions, are shown in Figure 6.8. The curves reveals typical diode behaviour 

with good rectification indicated by high current under forward bias and low 

current under reverse bias. Negligible photocurrent is observed as expected for 

such a thin OPV [176]. 

-100 -50 0 50 100 150 200 
Voltage (mV) 

F IGURE 6.8: Current-voltage characteristic for a typical OPV measured under 
ambient conditions ( x ) and with HEPES buffer solution flowing through the 
microfluidic chamber (solid blue line). The diode exhibits low reverse bias 
current and high current in the forward direction indicating good rectification, 

under both conditions. 

C60 has been shown to suffer from photo-induced degradation in the presence of 

oxygen [182] , however no instabilities were observed in these devices. 
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6.3.1 Angular Dependence of Photocurrent and 

Reflectivity 
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The angular dependence of photocurrent and reflectivity of the sensor was 

measured by immersing the sensor surface in a saline buffer solution (HEPES, 

GE Healthcare). A collimated, p-polarized light beam from a 1 µW, 670 nm 

wavelength laser was directed at the surface of the sensor whilst rotating the 

prism and sensor (Figure 6. 7). The measured reflectivity ( output of the silicon 

photodiode) and photocurrent from the sensor show a maximum in sensor current 

coinciding with the minimum in reflectivity at the resonant condition, which 

occurred at an incident angle of ~58° (Figure 6.9). 
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FIGURE 6.9: Angular dependence of photocurrent ( o) and reflectivity ( o) 
of the SPR sensor. Sensor photocurrent increases coincident with decreasing 
reflectivity as the angle of incidence passes through the condition for resonance. 

At resonance the photocurrent from the OPV was ~2.5 x higher than the 

minimum current measured off-resonance, due solely to the enhanced field 

generated at resonance. Thus the photocurrent from the near-field detector is 

analogous to reflectivity in the detection of surface plasmon resonance. The 

widt h of the resonance is broader t han the simulated response (Figure 6.2(b)) , 

indicative of a reduced sensor sensitivity. Reduced sensitivity and broadening of 

t he resonance is caused by the scattering of surface plasmons on rough surfaces 

[183]. The gold layers in t hese devices had a surface roughness of ~ 10 nm, thus the 

sensitivity of the sensor may be enhanced by preparing smoother gold surfaces. 
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6.3.2 Sensor R esponse 

Prior to functioinalization of the sensor, its stability was determined by injecting 

30 and 60 s pulses of water into the constant flow of the saline buffer solut ion 

(HEPES) . For this test t he incident angle was set to the angle corresponding 

to the maximal slope of the leading edge of the resonance dip in Figure 6.9. 

Figure 6.10 shows the photocurrents obtained from near-field detection with the 

OPV and reflected light measured with the silicon photodiode. As the water 

pulses reach the sensor surface the slight change in refractive index resulted in 

increased current from the OPV proport ionate to the decreased current from 

the silicon photodiode. The difference in peak currents for the two pulses was 

possibly caused by intermixing of the water with the buffer solution; the 30 s 

pulse becoming more dispersed resulting in a smaller change in refractive index. 

The sensor exhibited good stability, with negligible change in the baseline current 

after each water pulse. 
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F IGURE 6.10: Sensor response to two water pulses in constant flow of HEPES 
buffer . Arrows indicate time of injection of water. The reflectivity scale has 
been inverted to show equivalence of OPV current (red line) and reflectivity 

(blue line). 

6.3.3 Specific Binding 

In order to perform a specific binding assay for biotin-neutravidin, the gold surface 

had to be functionalized with a suitable receptor. This is usually accomplished 

by the covalent attachment of the biological sensing element to the gold layer 

via a linker, which is usually a self-assembled monolayer of thiol molecules. The 

thiol group attaches to the gold, with a suitably reactive group at the other end 
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(ligand molecule). Assembly of thiols is usually performed in ethanol. However 

the organic materials are weakly soluble in ethanol and an alternative method 

was necessary. Functionalization was achieved by immersing the sensor in water 

for 2 hours with a 5:1 molar mixture of PEG (polyethylene glycol) acid disulphide 

and biotin PEG disulphide (Polypure, Norway). Neutravidin binds to the biotin 

moieties, which are spaced out by the PEG to prevent steric hindrance between 

binding sites [184]. PEG also helps to prevent non-specific binding with the gold 

surface [185]. 

After functionalization the gold surface was exposed to pulses of 1 mg/ml solution 

of casein to passivate any non-specific binding sites [186]. Following this, 125 µL 

pulses of 250 µg/mL neutravidin (Pierce Biotechnology, USA) were injected into 

a constant flow of the HEP ES buffer. The response to three casein and two 

neutravidin pulses are shown in Figure 6.11 , where both reflectivity and OPV 

current respond to the binding events at the sensor surface. 
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FIGURE 6.11: Sensor response to injections of casein (green arrow) to passivate 
non-specific binding sites and specific binding of neutravidin ( orange arrows) . 

The same binding experiment was performed using a convent ional SPR sensor 

with a 50 nm thick gold layer , functionalized with PEG/biot in in an ethanol 

solution. The estimated sensit ivity of the convent ional sensor was approximately 

three times better than t he near-field sensor. This could be due to surface 

functionalization using water for the near-field device. Functionalization in water 

results in decreased surface coverage due to the hydration volume of the ethylene 

glycol moieties. Removal of water from these moieties is t hermodynamically 

unfavourable, preventing close packing of the monolayer [187]. Better sensit ivity 

may be obtained if surface functionalization is performed using carboxylmethyl 

dextran, which provides a higher density of binding sites [173, 188] . 
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6.4 Summary 

The far-field detector in conventional SPR sensors has been replaced by a near

field detector, namely an organic photovoltaic cell, sandwiched between two gold 

layers. Concurrent measurements of the reflectivity and photocurrent from the 

OPV demonstrated that the OPV is capable of producing photocurrent from 

surface plasmon resonance and that the current is modulated by binding events 

at the sensor surface. Thus the two measurements are equivalent. 

The sensitivity of the detector was lower than a conventional SPR sensor. However 

the sensitivity of the near-field device was probably affected by inferior surface 

functionalization. Further scope to improve the performance of the sensor include 

using longer wavelength light [189], using silver/gold bimetallic films [190] and 

careful preparation of the metal layers to reduce their surface roughness. 



Chapter 7 

Conclusions and Further Work 

7 .1 Conclusions 

The main work in this thesis was to assess the possibility of fabricating light 

sensing arrays similar in concept to charge-coupled devices. In pursuit of this 

objective, MIS capacitors were fabricated from two different insulators, PSQ 

and SUS, and the archetypal organic semiconductor P3HT. These devices were 

characterised in the dark and under illumination with monochromatic light using 

admittance spectroscopy and current-voltage measurements. Their transient 

responses were also monitored using a constant capacitance technique. 

Initial measurements were performed on MIM structures which showed that PSQ 

had a higher DC resistivity ~1013 Dem than the ~1012 Dem for the SU8 layers. 

The dielectric constant of the SUS layers also exhibited a stronger frequency 

dependence. 

Classical p-type semiconductor behaviour was observed in C- V plots of the 

MIS devices, with a transition from accumulation to depletion at positive gate 

voltages. Very little hysteresis was evident in the C- V plots at a temperature 

of 303 K for devices with either dielectric. VFB in PSQ MIS devices was ~0 V 

indicating few, if any, trapped charges at the interface. Acceptor doping density 

of the P3HT film was determined to be ~4.5- 9xl015 cm- 3 for the PSQ based 

devices. VFB was found to be dependent on the UV dosage applied to the SU8 

layers during fabrication. Low UV dosage resulted in high VFB ~20 V. Increased 

doses eventually resulted in devices with VFB ~0 V. The dependence of VFB on 

152 
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UV dosage was related to remnant photo-initiator in the SUS. NA in devices with 

high VFB was found to be ~2x1016 cm-3 , reducing to ~3x1015 cm-3 for devices 

with VFB ~0 V. Dopants originating from the insulator were cited as a possible 

cause for the increased NA. 

The frequency dependency of the capacitance and loss revealed the classic 

Maxwell-\i\Tagner (M-W) dispersion at high frequencies for devices with either in

sulator. SUS devices with high VFB featured a broader M-W dispersion indicative 

of a distribution of time constants and higher disorder in the semiconductor. The 

low frequency capacitance decreased with increasing depletion voltages, which 

combined with the decreasing magnitude of the associated loss peaks provided 

clear evidence of the formation of a space charge layer in the semiconductor. For 

accumulation voltages the low frequency loss increased, as did the capacitance 

caused by the parasitic effects of lateral conduction and losses in the insulator. 

Bearing in mind the increased losses at low frequencies , the probe frequencies for 

the C- V measurements were chosen to be at least an order of magnitude below 

the M-W peak frequency. Series contact effects were also evident in the C-f and 

G/w-f plots with a dispersion appearing at frequencies higher than 1 MHz. 

MIS devices with both PSQ and SUS insulators exhibited good stability over 

a range of temperatures up to 325 K. NA, D 1r and Vp8 were all found to 

remain fairly constant. Shifts to more positive biases and increased hysteresis 

were observed at temperatures above 325 K. In contrast it was found that when 

the P3HT layer was applied and cured under an inert atmosphere, t he stability 

of the device improved, with only a minimal change in Vp8 and slightly increased 

hysteresis at elevated temperatures. This implies that despite undergoing several 

annealing cycles atmospheric dopants were still present in devices fabricated 

under ambient conditions. The density of interface states was lowest in the PSQ 

and SUS devices prepared in air, ~1010 cm- 2 ev-1 compared to ~1011 cm-2 ev-1 

for devices prepared under nitrogen. However in the devices prepared in nitrogen 

the interface states had lower energy suggesting that in these devices the probed 

states were closer to the valence band. 

Bulk mobility and conductance were extracted from the M-W peak frequencies 

of the devices when biased at flatband. This was to avoid the possible effects 

of charge injection under accumulation voltages. Both devices fabricated in 

air revealed deviations from an Arrhenius dependency at low temperatures, 
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although the device fabricated under nitrogen revealed a much stronger Arrhenius 

dependency. All three deviated from a 1 /T2 dependency. 

Photo-capacitance measurements revealed useful responses of the MIS capacitors 

to wavelengths in the visible region of the spectrum. Shifts of VFB to more 

positive voltages and increased minimum capacitance resulted from irradiation 

of monochromatic light at wavelengths between 400 nm and 700 nm. C- V 

measurements obtained in the dark after illumination revealed slow relaxation 

of trapped charges from both the PSQ and SU8 devices. Relaxation times were 

much longer in the SU8 devices, taking over a week to relax back to its initial 

dark state. Charge retention times in these SU8 devices were comparable to 

those seen in organic memory devices. Relaxation of trapped charges in the 

PSQ device was considerably quicker, taking approximately 5 hours for V FB to 

attain its prior dark value. The increased flatband voltage was caused by photo

generated electrons trapped either at the semiconductor / insulator interface or 

in the insulator. Further positive increases in gate bias are shielded from the 

semiconductor by the trapped electrons. Charge neutrality is maintained at the 

same level of band bending; the depletion region width remains constant resulting 

in an increased minimum capacitance compared to its value in the dark. 

Further evidence of the slow detrapping process in the MIS capacitors was 

found in the constant capacitance experiments. These measurements recorded 

the change in voltage necessary to maintain a constant capacitance while the 

capacitors are subjected to pulses of light for 60 s followed by a period in 

the dark. The increases during illumination and decreases in the dark of the 

voltage were fitted with two and three-term exponential functions. Decay curves 

were also found to follow Kohlrausch's law, which describes relaxation processes 

in disordered systems. Interestingly the characteristic time constants for the 

relaxation in SU8 devices decreased with wavelength. This led to a further 

experiment in which the SU8 device performed like a memory device where 

charges were stored during irradiation with 500 nm light and erased by irradiation 

with 300 nm light. It was thought that the reduction in trapped charges was 

related to the observed dependency of VFB on UV dosage of the SU8 during 

fabrication. 

The responsivity of MIS capacitors during a C- V measurement was found to be 

dependent on wavelength, incident light intensity and bias scan rate. The response 

at different wavelengths was found to increase with photon energy. However the 



Chapter 7. Conclusions and Further Work 155 

MIS devices were more sensitive to lower intensities of light. The response tended 

to saturate at higher intensities, possibly due to higher recombination rates. 

Slower scan rates resulted in increased minimum capacitance and hysteresis; the 

C- V measurement takes a longer time and more photons are absorbed during 

the experiment, which is equivalent to increasing the light intensity. 

Despite the extent of electron trapping in the MIS capacitors , transfer of photo

generated electrons between adjacent capacitors was demonstrated using a CCD

like structure: a charge injection device (CID). C- V measurements showed 

electrons had been transferred to the 'dark' device when its gate voltage exceeded 

that applied to the irradiated device. 'Iransfer of charges was confirmed by a 

measurement of displacement currents during illumination of the CID structure. 

The ratio of the increase in hysteresis between CID-1 and CID-2 during C

V measurements was 0.76. This corresponded to the ratio of 0.66 for the 

displacement currents in CID-1 and CID-2. 

Simulations of the photo-C- V response of MIS capacitors showed similar 

behaviour to the experimental results, with increased minimum capacitance and 

hysteresis shown to be dependent on wavelength, intensity and bias scan rate. 

The results indicated that the basic model is correct. 

Successful implementation of an organic photovoltaic cell, as a near-field detector, 

for an SPR bio-sensor was achieved. Concurrent measurements of the reflectivity 

and photocurrent from the O PV demonstrated that the O PV is capable of 

producing photocurrent from surface plasmon resonance. Binding events at the 

sensor surface were shown to modulate the OPV current. 

7.2 Further Work 

The dependence of Vp8 on the degree of polymerization of the SUS layer could be 

further investigated and exploited to produce OFETs with controllable threshold 

voltages. Such devices could be used as pre-programmed memory for example. 

Further studies on the transient response of MIS capacitors could be undertaken 

over a range of temperatures. An Arrhenius plot of the time constants will show 

whether the relaxation times are thermally activated; both the activation energy 

and attempt to escape frequency could then be determined from Equation 5.3. 
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The demonstration of charge transfer certainly needs further investigation. Using 

low-k dielectrics such as benzocyclobutene (BCB), CYTOP® or PTFE-AF® 

should result in less disorder at the semiconductor surface. This should reduce 

trapping effects and improve the effective mobility of electrons between adjacent 

capacitors. Other solut ion based semiconductors, for example poly(2,5-bis(3-

tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) (pBTTT), should be considered 

due to their improved structural order and higher mobility. The varied optical 

properties of different organic semiconductors can also be used to provide sensors 

which respond to different, or more specific, regions of the electromagnetic 

spectrum. Following on from improving the transfer of charge between capacitors, 

the device structure could be expanded to produce an array of CCD cells. 

If an optimal combination of organic insulator and semiconductor are found, 

simple MIS arrays can be fabricated for x-y addressable light sensing or imaging 

applications. 

The basic model for the photo- C- V requires further development to include 

effects such as recombination, de-trapping of carriers and the presence of free 

electrons in the semiconductor. 

Further integration of the SPR biosensor should include the incorporation of a 

light source such as a microcavity OLED to provide a fully integrated low-cost 

thin-film device. Improvements in sensitivity could be achieved by improving the 

aqueous functionalization of the gold surface and reducing its surface roughness. 

Replacing the gold film with a bi-metallic silver/gold layer could also enhance 

the performance of the sensor. 
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