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Abstract

In this thesis, results on photoresponsive Organic Field-Effect Transistors (photOFETs)
based on MDMO-PPV: PCBM solid-state mixtures as active semiconductor layer and poly-
vinyl-alcohol (PVA) or divinyltetramethyldisiloxane-bis(benzocyclobutene) (BCB) as gate
dielectrics are presented. With LiF/Al top source-drain contacts all devices show dominantly
n-type transistor behaviour.

Devices fabricated with PVA as gate insulator reveal gate voltage induced saturation upon
illumination with a high response but poor photostability. Contrary, devices fabricated with
BCB as gate insulator show phototransistor amplification in a wide range of illumination
intensities with sufficiently good photostability. An increase of the drain-source current by
more than two orders of magnitude upon illumination is explained by the generation of a large
carrier concentration due to photo-induced charge transfer at the conjugated polymer/fullerene
bulk heterojunction (photodoping).

After illumination, in both systems a change of the dark transfer characteristics with
respect to the initial transfer characteristics was observed. In the PVA based photOFETs
irreversibilities occurred in the device properties after illumination. In devices fabricated on
top of cross-linked BCB as dielectric a shift of the dark transfer characteristics with respect to
the initial values were observed, presumably due to charge trapping at the BCB/MDMO-PPV:
PCBM interface. Recovery of the initial dark state in these devices was achieved either by
annealing or by applying a high negative gate voltage. It is proposed to exploit this effect in
applications such as light activated memory elements (“light memory device”).

The measured characteristics of the transistors (based on PVA or BCB and MDMO-PPV:
PCBM blend) are supported by the capacitance-voltage behaviour of similarly prepared

metal-insulator-semiconductor (MIS) devices.



Kurzfassung

Auf Licht reagierende organische
Feldeffekttransistoren auf Basis organischer

Halbleiter und Dielektrika

In dieser Dissertation werden Ergebnisse wissenschaftlicher Untersuchungen an
Lichtsensitive organischen Feldeffekttransistoren (photOFETs) prasentiert, die auf
Mischungen von MDMO-PPV: PCBM als aktive Halbleiter basieren. Als Dielektrika finden
Polyvinylalkohol (PVA) oder Divinyltetramethyldisiloxan-bis(benzocyclobuten) (BCB)
Anwendung. Bei Verwendung von LiF/Al als Source- und Drain- Kontakte zeigen diese
Halbleiterbauelemente vorwiegend n-leitende Transistoreigenschaften.

Wird PVA als Gate-Dielektrikum eingesetzt, sittigt die Gatespannung rasch mit der
eingestrahlten Lichtintensitit, die Lichtstabilitit ist allerdings gering. Im Gegensatz dazu
zeigen Transistoren auf Basis von BCB als Dielektrikum Verstirkung {iber einen weiten
Bereich der Lichtintensitit und ausreichend gute Lichtstabilitdt. Die Verstirkung des Drain-
Source-Stroms um tiber zwei GroBenordungen ist durch die Erzeugung einer grolen Menge
an Ladungstragern erkldrbar, die durch den Licht induzierten Ladungstransfer von MDMO-
PPV auf PCBM bedingt ist (Dotierung durch Licht).

Nach Ende der Belichtung bleibt in beiden Systemen eine bestindige Verdnderung des
Ubertragungsverhaltens. In photOFETs basierend auf PVA erfolgt eine irreversible Anderung
der Eigenschaften des Bauelements. Auch bei Transistoren auf Basis von quervernetztem
BCB indert sich das Ubertragungsverhalten im Dunkeln. Eine mdgliche Erklirung sind
eingeschlossene Ladungstriger an der Grenzfliche zwischen MDMO-PPV: PCBM und BCB.
Der urspriingliche Zustand ldsst sich bei diesen Bauteilen durch Erhitzen des Transistors oder
durch Anlegen einer hohen Spannung in Riickwirtsrichtung wieder herstellen.

Es wird vorgeschlagen, dass dieser Effekt fiir ein auf Licht reagierendes
Speicherelement genutzt werden kann.

Die Erkenntnisse iiber die Transistoren werden von Kapazitits-Spannungs Messungen
an auf PVA oder BCB als Dielektrika und MDMO-PPV : PCBM als aktive Materialien
basierenden Metall-Isolator-Halbleiter (MIS) Strukturen unterstiitzt.
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Chapter 1

1. Introduction

1.1 Background and Motivation

Photodetectors are semiconductor-based devices that can convert optical signals into
electrical signals. The operation of a photodetector involves three steps: charge carrier
generation by absorption of the incident light, charge carrier transport, and charge carrier
collection by electrodes.

Photodetectors include photoconductors, photodiodes/photovoltaic devices (e.g. solar
cell) and, to some extent, phototransistors. Photodetectors have a broad range of applications
including, e.g. sensors or detectors, power converters or image sensors.

A photoconductor consists of a semiconducting material sandwiched between two ohmic
contacts. When incident light impinge on the photoconductor, electron-hole pairs are
generated. This corresponding increase in the number of charge carriers results in an increase
of the conductivity. The photocurrent flowing between the contacts depends on the electric
field inside the photoconductor and on the carrier drift velocity.

A photodiode is basically a p-n junction or a metal-semiconductor contact operating under
reverse bias. When an optical signal impinges on the photodiode, the electric field present in
the depletion region separates the photogenerated electron-hole pairs and an electric current
flows in the external circuit.

A solar cell 1s similar to a photodiode and follows the same operating principle. However,
the solar cell is operated in the forward bias direction (Maximum Power Point, mpp). Usually
it is a large-area device and in addition able to absorb the largest possible part of the
spectrum. The photovoltaic effect developed under illumination results in a power conversion
of the solar electricity (power delivered to the load per incident solar energy), which can be
extracted from the device.

Phototransistors combine the two above-mentioned photoinduced effects (i.e.
photoconductivity and photovoltaic effect) with transistor action. Therefore, a phototransistor
can have high gains. The output photocurrent depends on the gate voltage and on the

illumination intensity.



Thin film phototransistors based on inorganic semiconductors [1-2] or various organic and
polymeric semiconductors, such as poly (3-octylthiophene), polyfluorene, bifunctional spiro
compounds, polyphenyleneethynylene derivative or 2,5-bis-biphenyl-4-yl-thienol[3,2-
b]thiophene (BPTT) [3-7] were reported. However, phototransistors based on conjugated
polymer/fullerene blends, have not been demonstrated until now.

The main topic of this thesis is the realisation and characterisation of photoresponsive
Organic Field-Effect Transistors (photOFETs) based on conjugated polymer/fullerene blends
for the photoactive semiconductor layer, and highly transparent organic polymeric gate-

dielectrics.
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Organic Thin Film Transistors

1.2.1. Operating principles of Organic Thin Film Transistors

Weimer introduced the concept of the Thin Film Transistor (TFT) in 1962 [8]. Since then,
this device concept has been adapted to low conductivity materials, and is now commonly
used in amorphous silicon technology [9-10].

In principle, the TFT is an insulating gate device; it operates in the accumulation regime,

rather than in the inversion regime typical for crystalline-Si technology [11].

Source  Drain .
v v Source Drain

Semiconductor

Insulator
Gate

a) b)

Fig. 1.1. Schematic of top a) and bottom b) contact Organic Thin Film Transistors.

As shown in Fig. 1.1, there are two basic schemes for organic thin film transistors. In
both arrangements an organic semiconductor film is deposited on a gate-insulator layer and is
contacted with metallic source and drain electrodes. Ideally the source and drain should form
an ohmic contact with the active semiconductor.

The geometrical device parameters are the source - drain channel length (L), the

channel width (7)), and the insulator capacitance per unit area, Ci,s, Fig. 1.2.
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Fig. 1.2. Schematics of the TFT connection.

The voltage applied between the source and drain contacts is referred to as the source-
drain voltage, V4. Generally, for a given Vys, the amount of current that flows through the
semiconductor film from the source to the drain contact is a function of the gate-source
voltage, Vg. In a phototransistor, the drain-source current may also depend on the
illumination. The semiconductor film and the gate electrode are capacitively coupled such that
an application of a bias voltage on the gate induces a charge modulation at the
insulator/semiconductor interface. Most of these charges are mobile and move according to
the applied source-drain voltage, Vg. Ideally, when no gate voltage is applied, the
conductance of the semiconductor film is low because there are no mobile charge carriers;
i.e., the device is in the “off-state”. When a suitable gate voltage is applied, mobile charges
are accumulated, and the transistor is in the “on-state”. The source contact is connected to
ground.

Two different methods are commonly employed for the characterization of TFTs:
Either Vg is kept constant and Vs is swept (output curves, Fig.1.3.a) or Vg, is held constant

and Vs is swept (transfer characteristics, Fig.1.3.b).

12
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Fig. 1.3. a) Output curves of TFT working in electron-enhanced mode;
b) Transfer curve for the transistor operating in electron enhanced mode plotted as Vg vs. Ves.
As can be seen in Fig.1.3, in the case of positive applied voltages Vys and Vg, an
electron-enhanced mode is developed. For hole-enhanced mode operation, the bias voltages
are negative. The intercept of the extrapolated linear curve with the gate voltage-axis in the
transfer characteristics shown in Fig. 1.3(b) defines the threshold voltage, V. The drain-

source current in the linear and in the saturation regimes are given by Equations (1) and (2),

respectively [11]:
— W ( Va’sz
[ds - f Cins/’l Vgs - Vth ds 2 > (1)
4 >
[ds = Z Cins /u(Vgs - I/th ) H (2)

where u is field-effect mobility. Equation (1) describes the transport in the case when Vg, <
(Ves — Vin). When Vys > (Vs - Vin), equation (2) is valid. The field-effect mobility, x4, can be
calculated either from the linear or from the saturation regime. The mobility, u is largely
determined by the morphology of the semiconductor film at the insulator/semiconductor
interface [12]. In addition to x and Vy, another important device characteristic is the on-off
drain-source current ratio, /on/Iogr, Which is basically dependent on the device geometry.

The threshold voltage in the accumulation regime is given by Equation (3) [13]:

=22y, G)

ins
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where Vg is the flat-band potential, ¢ is elementary charge, ny is the bulk carrier density, and
d is the thickness of the semiconductor. The sign of the right-hand side in equation (3)

corresponds to the sign of the majority carriers.

1.2.2. Operating principles of photoresponsive Organic Field-Effect
Transistors (photOFETS)

Upon illumination two different effects are observed in the active layer of transistors,
i.e. photoconductivity and the photovoltaic effect. When the transistor is in the ON-state the
photocurrent is dominated by the photovoltaic effect and is given by Equation (4) [14]:

AP
I =G, AV, =A_"T1n[1+MJ 4)
I1,,hc

where 7 is the quantum efficiency (i.e. the number of charge carriers generated per incident
photon), g is the elementary charge, P,y the incident optical power, ¢ the dark current for
electrons, Ac/A the photon energy, Gy the transconductance, AVy, the threshold voltage shift,
and A4 is a fit parameter. The photovoltaic effect together with the shift of the threshold
voltage is caused by the large number of trapped charge carriers under the source contact [3-
7]

When the transistor is in the OFF-state, the photocurrent is dominated by
photoconductivity as described by Equation (5) [15]:

1, =(qumEYWd = BP, (5)

opt >

where u is the charge carrier mobility, n is the carrier density, £ the electrical field in the
channel, W the gate width, and d the thickness of the active layer. Ly . is therefore directly
proportional to Py with a proportionality factor B.

The photocurrent is characterized by a high gain and fast saturation especially at low
illumination intensities.

Useful figures-of-merit for phototransistor are:

e The responsivity, R (expressed in A/W) of the device, which is defined as [4]:

R — ]ph — (]ds[llum — Idsdark )A71

opt inc

; (6)
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where I, is the drain-source photocurrent, P, is the incident optical power, Pj,. the power
density of the incident light per unit area, /4 iium the drain-source current under illumination,
Lys dark the drain-source current in the dark and A4 the effective device area.

e The photosensitivity, P or signal (photocurrent) to background (dark current)

ratio of the device, which is defined as [4]:

bQCkg roun d I dsdark 1 dsdark

Signal Iph (Idsillum — Idsdark ) . (7)

e The photoresponse, Ryqg, or the ratio of the total drain-source current under

illumination to the drain-source current in the dark, which is defined as [4]:

1,
R] — _ dsillum . (8)
Ki I dsdark
The photoresponse exhibits a power law dependence on the illumination according to
Equation [4]:

R, <P *. 9)

%j inc
In equation (9), Pixc is the power density of the incident light per unit area and the « is

the exponent, which is a function of the applied voltage Ve [4].

1.3 Conjugated polymer/fullerene bulk heterojunctions

The observation of a photoinduced electron transfer from optically excited conjugated
polymers to Cg molecule and the observation of highly increased photoconductivities upon
Ceo addition to conjugated polymers led to the concept of a polymer/fullerene bulk
heterojunction [16-24]. The photoinduced electron transfer occurs when it is energetically
favourable for the electron in the S;-excited state of the polymer to be transferred to the much
more electronegative Cgp, thus resulting in an effective quenching of the excitonic
photoluminescence of the polymer [16]. The photoinduced charge transfer is depicted

schematically in Fig. 1.5, together with an energy level representation [25].
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Fig. 1.5. Illustration of the photoinduced charge transfer (left) with a sketch of the energy
level scheme (right).

The bulk heterojunction concept was introduced by blending two organic
semiconductors having electron donor (D) and electron acceptor (A) properties in solution
[26-28]. Spin cast films from such binary solutions then resulted in solid-state mixtures of
organic semiconductors.

The essence of the bulk heterojunction is to intimately mix the donor and acceptor
components in the volume bulk so that each donor-acceptor interface is within a distance less
than the exciton diffusion length of each absorbing site. In Fig.1.5, right, the situation is
schematically shown for a bulk heterojunction device, again neglecting all kinds of energy
level alignments and interface effects. The bulk heterojunction is similar to a bilayer device
with respect to the D-A concept, but it exhibits a largely increased interfacial area where
charge separation is occuring. Due to the interface being dispersed throughout the bulk, no
loss due to a too small exciton diffusion length is expected, because ideally all excitons will
be dissociated within their lifetime. In this concept the charges might also be separated within
the different phases and hence recombination is reduced to a large extent and the photocurrent
often follows the light intensity linearly or slightly sublinearly [25]. The bulk heterojunction
requires percolated pathways for the hole and electron transporting phases to the contacts. In
other words, the donor and acceptor phases have to form a bicontinuous and interpenetrating
network. Therefore, bulk heterojunction devices are much more sensitive to the nanoscale
morphology in the blend.

The organic solar cell power conversion efficiency in devices based on bulk
heterojunction conjugated polymer/fullerene blends (P3HT: PCBM) reaches ~ 5% under
AM1.5 (80 mW/cm?) [29, 30].
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Chapter 2

2. Experimental

2.1 Materials

2.1.1. Conjugated polymer/fullerene blends

The material combination of poly-para-phenylene vinylene and fullerene is probably one
of the best investigated blends of conjugated polymer and a fullerene. In the past, several
groups investigated bulk heterojunctions of MDMO-PPV and PCBM by (1:4 wt./wt.) either
studying the electrical properties of the blend or by using the blend as the active layer in
organic solar cells or in organic field effect transistors [1-16].

The MDMO-PPV: PCBM (1:4) blend is also employed in this thesis as a photoactive
organic semiconductor.
2.1.1.1. MDMO-PPV and PCBM

Figure 2.1, shows two of the most frequently used and best known organic
semiconductors for organic electronic applications, namely poly-[2-methoxy-5-(3°,7’-
dimethyloctyloxy)]-para-phenylene vinylene (MDMO-PPV) [17] and the soluble derivative of
Ceo, 1-(3-methoxycarbonyl)propyl-1-phenyl-[6,6methanofullerene (PCBM) [18].

\1 .

n

—O0

MDMO-PPV PCBM

Fig. 2.1 Structure of poly-[2-methoxy-5-(3°,7’-dimethyloctyloxy)]-para-phenylene
vinylene (MDMO-PPV) and 1-(3-methoxycarbonyl)propyl-1-phenyl-[6,6]methanofullerene
(PCBM).
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The absorption spectra of the active MDMO-PPV: PCBM (1:4 wt./wt.) layer shows a
strong mismatch to the solar photon flux, as depicted in Fig. 2.2 [19].
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Fig. 2.2 The terrestrial AM1.5 sun spectrum (—) and the integrated spectral photon flux
(starting from 0 nm) (-e-) in the comparison with the absorption spectrum (---) of a MDMO-
PPV: PCBM (1:4) blend.

In general, two important parameters of a material are the band gap and the band energy
levels. The knowledge of these parameters is necessary for engineering devices. The optical

opt

band gap E; " can be determined from the absorption or luminescence onset.

Fig. 2.3 shows the absorption coefficient of the three different components: MDMO-PPV,
PCBM, and blend of MDMO-PPV: PCBM (1:4) [20]. The absorption coefficient of the
pristine MDMO-PPYV film (dotted curve) is shown in Fig. 2.3. The onset is around 580 nm,

corresponding to 2.1 eV.
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Fig. 2.3 Absorption coefficient of MDMO-PPV (dotted), PCBM (dash), and MDMO-
PPV: PCBM (1:4) blend (solid line), calculated from their respective dielectric functions.

Electrochemical measurements can be also used as an alternative method for the
determination of the band gap of a material.

The electrochemical band gap EgEC is defined as the difference of the oxidation and

reduction potential. Table 1.1 shows the values for MDMO-PPV and PCBM [19].

Table 1.1 Energy levels of MDMO-PPV and PCBM, calculated from electrochemical
measurements
HOMO / eV LUMO / eV E,;C/eV E, %"/ eV
MDMO-PPV 53 3.0 2.3 2.1
PCBM -- 4.3 - 1.8

A maximum value for the field effect mobility of holes in pristine MDMO-PPV, as
reported from TFT investigation is around 10~ cm*V's™ [21].

PCBM is highly soluble in organic solvents, for example up to 40 mg/mL in

chlorobenzene and 10 mg/mL in toluene. PCBM is an excellent electron acceptor, able to

accept up to 6 electrons per molecule. The electron mobility in PCBM was investigated

recently by employing several techniques and shows values in the range of 10 - 107 cm?V's”

' However some reports even indicate ambipolar transport in PCBM [8, 22-26].
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Figure 2.3 [20], shows the absorption coefficient of a PCBM film. According to the
symmetry of the energy levels, the HOMO-LUMO transition is optically forbidden leading to

a weak absorption at wavelengths above 500 nm.

2.1.2. Polymeric gate dielectrics

The most critical dielectric parameters that judge the usefulness of gate insulators are the
following:

e the maximum possible electric displacement Dy, the gate insulator can sustain
[27]:

D _=g¢géFE,, 10
ax 0 B

m

where ¢is the dielectric constant and Ejy is the dielectric breakdown field;

e the capacitance per unit area C; [27]:

CF"J"o(%,)’ (11)

where d; is the insulator thickness. The magnitude of the capacitance per unit area is governed
not only by the value of the dielectric function ¢ but also by the thickness, d;, down to which
pinhole-free films can be obtained, and thus also reflects the quality of the deposition
technique in addition to intrinsic material properties [28].

Solution-processable materials are very attractive for applications in electronics,
because films with sufficiently good insulator characteristics can often be formed by spin
coating, casting or printing under ambient conditions at room temperature.

In this thesis, poly-vinyl-alcohol (PVA) and divinyltetramethyldisiloxane-
bis(benzocyclobutene) (BCB) were chosen as gate-insulators, either because of the high
dielectric constant (PVA) or because of the excellent dielectric properties (BCB). Both PVA

and BCB deliver highly transparent films, an important prerequisite for optical active devices.

2.1.2.1. Poly-vinyl-alcohol (PVA)

Poly-vinyl-alcohol (PVA) is a water-soluble synthetic polymer with the chemical

structure as shown in Fig. 2.4.
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Fig. 2.4 Chemical structure of poly-vinyl-alcohol (PVA).

PVA has excellent film forming, emulsifying and adhesive properties. PVA is also
resistant to oil, grease and to organic solvents. It is widely used in textile warp sizing, as an
adhesive, as a paper sizing agent, as ceramic binder, and also in cosmetics as an emulsion
stabilizer, in civil engineering and in the electronic industry.

PVA forms tough, clean, and transparent films. With a dielectric constant of 8 and
charge electret properties (electret: material that has a permanent electric charge polarization),

PVA could be a promising dielectric for applications in organic electronics [29, 30].

2.1.2.2. Divinyltetramethyldisiloxane-bis(benzocyclobutene) (BCB)

BCB belongs to a family of thermosetting polymer materials based on
benzocyclobutene chemistry, developed by The Dow Chemical Company, which features
simple processing, superior dielectric properties, excellent gap-fill properties and polarisation,
low moisture absorption, and rapid cureing without the emission of reaction by-products [31].

The chemical structure of BCB is shown in Fig. 2.5.
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BCB

Fig. 2.5 Chemical structure of divinyltetramethyldisiloxane-bis(benzocyclobutene) (BCB).

The BCB monomer cures (crosslinks) thermally activated and forms a polymer network.
A nearly complete cure can be obtained in a matter of minutes at 300° C. One hour is required
at the usual cure temperature of 250° C [31].

The dielectric constant of BCB has negligible dispersion over a wide temperature and

frequency range with a value close to 2.65 [32-34].

2.2. Device fabrication and characterisation

2.2.1 Device fabrication

Photoresponsive Organic Field Effect Transistors (photOFETs) are fabricated in top
contact device geometry, as shown in Fig. 2.6. As substrates, glass sheets of 1.5 x 1.5 cm?
covered with indium tin oxide ITO, from Merck KG Darmstadt, are used with an ITO
thickness of ~ 120 nm and a sheet resistance < 15 Qcm™.

The ITO is patterned by etching with an acid mixture of HCLyen,: HNOsgon: H2O
(4.6:0.4:5) for ~ 15 min. The part of the substrate which forms the gate contact is coated with
a commercial varnish to protect the active ITO layer against the etching acid. The varnish is
removed after etching with acetone in an ultrasonic bath. The substrate is then cleaned in an
ultrasonic bath with acetone and finally in iso-propanol.

The gate dielectrics are coated under ambient conditions on top of the cleaned and
patterned ITO substrates by spin coating.

PVA with an average molecular weight of 127,000 (Sigma-Aldrich Mowiol®40-88) was

used as received. PVA films were cast from a 10 % wt. aqueous solution by spin coating at
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1500 rpm, yielding films with a thickness around 2 — 4 um. The films were dried over night in
an Argon atmosphere at 60°C. From the measured thickness of the dielectric layer, d and the
dielectric constant gpyy = 8, a capacitance of Cpyy = 1.8 nF/cm? is estimated for the PVA

based devices.

Source Drain

Semiconductor

n
Insulator

ITO

glass

Fig. 2.6 Device structure of the top contact photOFET.

Divinyltetramethyldisiloxane-bis(benzocyclobutene) (BCB) (used as received from Dow
Chemicals) was spin coated at 1500 rpm resulting in approximately 2-um thick pinhole free
films. The cross linking of BCB was carried out by curing at 250°C for 30 minute in a
flowing Ar atmosphere inside a vacuum oven. BCB forms an inert dielectric layer with
excellent mechanical properties and chemical stability, however with a rather low dielectric
constant ggcp= 2.6.

As active material, a blend of MDMO-PPV (poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-
1,4-phenylenevinylene) (used as received from Covion) and (PCBM) methanofullerene [6,6]-
phenyl Cg;-butyric acid methyl ester (Solenne BV) (1 : 4 wt./wt. ratio) was spin coated inside
a glove box under argon atmosphere at 1500 rpm for 40 s, followed by 2000 rpm for 30 s,
from a 0.5 % chlorobenzene solution (1 % = 10 mg/ml), yielding films with a thickness
around 170 nm.

As top source and drain contacts, LiF/Al (0.6/60 nm) were used, prepared by evaporation
through a shadow mask under a vacuum of 5 x 10 mbar. Tungsten boats are used as
deposition source. A quartz balance, Intellemetrics IC 600, monitors the deposition rate of the
materials. The channel length, L, of the all devices was chosen to be 35 um and the channel
width, W, was 2 mm.

Non-volatile Organic Field-Effect Transistor Memory Elements based on a Polymeric

Gate Electret was fabricated as follows: The device fabrication starts with the etching of the
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indium tin oxide (ITO) on the glass substrate. After patterning the ITO and cleaning in an
ultrasonic bath, polyvinyl alcohol (PVA) was spin cast as soluble electret. PVA with a
molecular weight of 100,000 was used as received from Fluka Chemicals. The PVA from
Fluka was dissolved in distilled water and filtered using 0.2 pm filters, lyophilized and re-
dissolved again in distilled water. With a 10 % wt. ratio of a highly viscous PVA solution a
film thickness of 0.6 to 1 um is achieved by spin coating at 1500 rpm. A methanofullerene
[6,6]-phenyl Cg;-butyric acid methyl ester (PCBM) active layer of 150 nm was spin coated on
top of the PVA film from a chlorobenzene solution (3 wt %) in an argon atmosphere inside a
glove box. The top source and drain electrodes, Cr (20 nm) were evaporated under vacuum (3
x 10 mbar) through a shadow mask. The schematic of the staggered mode non-volatile
memory OFET is shown in Fig. 6.1 (Chapter 6).

Metal-Insulator-Metal (MIM) and Metal-Insulator-Semiconductor (MIS) devices are
fabricated with the same procedures and with the same materials as the photOFETs. The
devices are fabricated in a sandwich structure, as shown in Fig. 2.7. As gate-insulator, PVA

(Sigma-Aldrich Mowiol ®°40-88) or BCB (Dow Chemicals) are used.

LiF/Al LAl
MDMO-PPV: PCBM (1:4)
DIELECTRICS
DIELECTRICS
ITO ITO
glass glass

a) b)

Fig. 2.7 Schematic of a) Metal-Insulator-Metal (MIM) and Metal-Insulator-Semiconductor
(MIS) devices.

2.2.2 Device characterisation

The electrical characterization was carried out under an inert argon environment inside a
glove box system (MB 200 from Mbraun) or under vacuum. For the transistor
characterisation, Keithley 2400 and Keithley 236 sourcemeter were used. OFET
measurements have been performed with a scan rate of 2 Vs™.

The operation mode of the OFET is determined by the gate voltage, which can yield an
accumulation layer of charges in the region of the conductive channel adjacent to the

PVA/MDMO-PPV: PCBM (1:4) or BCB/MDMO-PPV: PCBM (1:4) interface, respectively.
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For n-channel (or p-channel) operation mode, a positive (or negative) drain voltage is applied
to induce an accumulation layer of electrons (or holes), allowing the measurement of the

electron (or hole) mobility. The source contact was always connected to ground (see Fig.1.2).

‘ LCR-meter
ONO)

ITO

glass

Fig. 2.8 C-V measurement set-up.

The capacity-voltage (C-V) characteristic is obtained with an impedance analyser by
superimposing a small sinusoidal ac voltage signal to a DC voltage. By measuring the small-
signal current, the phase and the modulus of the complex impedance can be extracted, and the
capacity can be calculated. For the capacity-voltage (C-V) measurements we used a HP
4248A precision LCR meter with a typical scan rate of 0.2 Vs~ in a frequency range from 1
Hz — 1 MHz (see Fig. 2.8). Devices were connected on the way that the high potential input
(+) was applied to ITO side and the low potential input (-) to LiF/Al.

For the characterisation of the devices under light, a solar simulator (K.H. Steuernagel
Lichttechnik GmbH) was used with light intensities ranging from 0.1 to 100 mW/cm” tuned
by using neutral density filters. We have used this AM1.5 white light for two main reasons: i)
it is a well defined and widely used standard, and ii) MDMO-PPV: PCBM blend based solar
cells have been intensively investigated under this very light, in our group [1, 3, 19].

As a monochromatic light source, an Ar' laser, INNOVA 400, with a wavelength of 514
nm is used, typically with an optical power of 120 mW. The illumination intensity was varied
by using neutral density filters. The illuminated spot on the sample has an area around 4 mm®.

Devices were illuminated through the ITO coated glass and through the transparent
dielectric layer.

The surface morphology and the thickness of the dielectrics and of the active layers were
measured under ambient conditions with a Digital Instruments Dimension 3100 atomic force

microscope in the tapping mode.
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For the spectral characterisation of the BCB-photOFETs, the following experiment was
employed; The BCB-photOFET was prepared as described above (see § 2.2.1). The sample
was loaded in a chamber purged a constant nitrogen flow. A glass window in the front of the
chamber allows illumination of the device, as shown in Fig. 2.9. The device was illuminated
through the transparent ITO gate and dielectric. As light source, a 900W Xenon lamp was
used. The output radiation of the lamp was passed through a monochromator with a spectral
resolution of dA < 2 nm and focused on the sample, so that the device channel was fully
illuminated. The monochromator slits were kept at 200 pm. The wavelengths were changed in
steps of 10 nm, from 800 to 350 nm. During the measurement, the incident light power was
kept constant at 0.375 mW by regulating the lamp current. A calibrated silicon photodiode
was used for monitoring the incident light power. Constant illumination intensity was required
because the photogenerated current does not increase linearly with the illumination intensity
at high gate voltages and therefore cannot be normalized. For the transistor characterisation,
Keithley 2400 and Keithley 236 sourcemeters were used. OFET measurements were
performed with a scan rate of 2 Vs™. By recording the transistor transfer characteristics at
selected wavelengths and by making measurements at certain Vs values (constant Vg = 80V),

the photocurrent spectrum is obtained (see Fig. 5.22, Chapter 5).

Analysers

lens 1

xenon lamp  monochromator photOFET

Fig. 2.9 Optoelectronical set-up.
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Chapter 3

3. I-V and C-V characterisation of
MDMO-PPV: PCBM (1:4) blend based diodes

3.1. Conjugated polymer/fullerene blend based diodes

Among the methods employed for the electrical characterisation of semiconductors,
the steady state current-voltage (/-V) and the dynamic capacitance-voltage (C-V) techniques
are the most widely used. Carrier mobility, carrier traps, contact barrier height, surface states,

are among the electrical parameters that can be determined by these methods.

3.1.1 I-V characteristics of the MDMO-PPV: PCBM (1:4) blend based
diodes

The glass/ITO/MDMO-PPV: PCBM (1:4)/LiF-Al diode is characterised under dark
and under illumination, as shown in Fig. 3.1.

The I-V curve in the dark shows a typical diode characteristic with a good rectification
ratio of about 10° at +/- 5V. The device was illuminated with selected monochromatic light,
with a wavelength of 4 = 514 nm, which matches with the maximum of the absorption peak
of the MDMO-PPV. The illumination intensities chosen are 6 mWem™ and 30 mWem™.
Under the illumination with intensity of 6 mW.cm™ a photovoltaic effect is seen. A significant
increase of the photocurrent in reverse bias is observed due to the illumination of the device.
The increase in the photocurrent can be attributed to the photogeneration of free charge
carriers in the highly photoactive blend upon illumination. As expected, an increase of the
illumination intensity to 30 mW.cm™ induces a further increase of the photocurrent especially

under reverse bias.
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Fig. 3.1 I-V characteristics of the MDMO-PPV: PCBM (1:4) blend based diodes
in the dark and under monochromatic illumination.

3.1.2 C-V characteristics of MDMO-PPV: PCBM (1:4) blend based diodes

In addition to the /-V curves also capacitance-voltage measurements were performed.
The scheme of the measurement set-up has already been discussed in Fig. 2.8 of Chapter 2.

Capacitance-voltage measurement were done in the dark and under selected
illumination conditions (4 = 514 nm, 6 mW.cm™ and 30 mWcm™) as in the case of the -V
measurements. The frequency range investigated covers almost 5 decades (40 Hz to 1 MHz).
From the C-V measurements a blend thickness of ~ 200 nm was calculated by using equation
11 (Chapter 2). The measurement results are shown in Figs. 3.2 —3.6.

Fig. 3.2 shows the C-V characteristics of the MDMO-PPV: PCBM (1:4) blend in the
dark and under illumination. For a measurement frequency of 1 kHz in the dark, the
capacitance is constant when the diode is biased in the reverse direction. However, when the
charge injection starts under forward bias, the capacitance strongly increases. The capacitance
saturates at +2.7 V, before it decreases even to negative values at high forward bias voltages.
Similar variations of the capacitance in organic semiconductor diodes were reported in the
literature. Explanations for the experimentally obtained results are based on different
mechanisms [1-6]. The constant capacitance under reverse bias clearly indicates that the

semiconductor is entirely depleted: The presence of a Schottky type contact can be ruled out,
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and the capacitance measured equals the geometrical capacitance. Under forward bias, charge
injection induces a drastic increase of the capacitance. It has been proposed that saturation
occurs when double injection starts, and that the following decrease takes its origin in the
recombination of charges [1].

Under illumination (514 nm, 6 mW.cm™), the C-V characteristic depicted in Fig. 3.2
was observed (red curve). However, despite the similar values observed under reverse bias,
the value of the capacitance is considerably enhanced under forward bias. This result sounds
counterintuitive at first sight: Photogenerated charge carriers are expected to be detected in
the reverse direction, while photoconductivity, almost absent in the graph displayed in Fig
3.1, is not expected to modify the value of the capacitance. Further investigations under
reverse bias, as detailed below have been undertaken to clarify the experimentally obtained
results. It seems justified to add a comment here concerning the negative values of the
capacitance observed at large forward bias. The “negative capacitance” in organic electronic
devices is attracting considerable attention [7-12]. The interest arises from the fact that a
negative capacitance might open new application routes, like compensation circuits. However,
one has to be very careful: The negative values are calculated by the set-up using equivalent
circuits from the measured modulus and phase of the complex impedance. Therefore it seems
more appropriate to display the complex impedance of the device (which is not dependent on
equivalent circuits) in the representation of experimental results. The negative capacitance
under large forward bias voltage is interpreted in terms of space charge limitations of the
generated charge carriers, of recombination kinetics, etc [11, 12]. No clear picture is presently

available which can be used to model measured results in a convincing way.
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Fig. 3.2 C-V characteristics of MDMO-PPV: PCBM (1:4) blend based diodes in the dark
and under monochromatic illumination at frequencies of 1 and 10 kHz.

The capacitance vs. frequency of the MDMO-PPV: PCBM (1:4) blend based diode at
given bias voltages of 0 V and —5 V in the dark and under illumination is plotted in Fig. 3.3.
One should note that the decrease in the capacitance values at frequencies above 600 kHz
might be caused by the connection of the sample to the impedance analyser, which becomes
always important at high frequencies. Therefore, only results for frequencies below 500 kHz
are discussed here. In the dark at —5 V, the capacitance appears to be frequency independent.
This is consistent with the statement made above: The capacitance measured under reverse
bias is the geometrical capacitance of a sample consisting of two electrodes separated by a
totally depleted organic semiconductor. On the other hand, the frequency dependence of the
capacitance under forward bias indicates that charge carriers are present in the device, and
that the mobility of these carriers is limited: Their contribution to the capacitance fades off
above 10 kHz, showing that the carriers cannot follow such fast oscillating ac-fields.

In order to investigate more precisely the reverse bias regime, more measurements

were performed, as shown in Figure 3.4.
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Fig. 3.4 Transient capacitance under reverse bias (—5 V) in the dark and under illumination.
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The device was biased at — 5 V. A frequency of 50 kHz was selected in order to avoid
the noise visible at low frequencies in Fig 3.4. The device was successively illuminated with
different illumination intensities. A relatively small increase in the capacitance upon
illumination with respect to the dark value is observed. The increase in the capacitance can be
directly correlated to the presence of photoinduced charge carriers since the capacitance
increase upon illumination AC;, is directly proportional to the ratio of the illumination
intensities.

Transient capacitance measurements at zero bias are shown in Fig. 3.5. Here, the
device was illuminated with one wavelength and one illumination intensity, while the
frequency was varied from 1 kHz to 100 kHz. The capacitance increase upon illumination
AC;, is higher than in the previous case when the device is biased at -5 V. In addition the
capacitance increase is also frequency dependent. The results obtained here are consistent
with the measurements shown in Fig. 3.2: The light induced modification of the capacitance is
much larger under forward bias as compared with the reverse bias operation.

In order to verify the existence of potentially long living trapped charges, we
investigated the capacitance decay when the light is switched off. Typical results are plotted
in Figure 3.6: The capacitance evolves exponentially, needing more than 300 seconds
recovering the steady state value. The experiment points out that long-living trapped charges

exist in the blend, though their overall number might be quite small.

16
bias = 0V
kbt |z
15- 10 KHz
o —— 100 kHz
514—
w light
£ 13 514 nm
3 6 mW/cm®
S dark dark
’é 12
= S E— |
o i
11
10 .

50 100 150 200 250 300

time /s

o

Fig. 3.5 Transient capacitance at 0 V bias, under different illumination conditions.
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Fig. 3.6 Transient capacitance of an MDMO-PPV: PCBM (1:4) diode after switching off the
light illumination.

3.2 Summary

In summary, we investigated MDMO-PPV: PCBM (1:4) blend based diodes with /-
and C-V characterisations. The I-V characteristics show typical diode behaviour in the dark
whereas upon illumination an increase in the photocurrent was observed especially under
reverse bias. This increase in the current can be attributed to the photogeneration of charge
carriers in the highly photoactive blend upon illumination.

Capacitance-voltage measurements were performed in the dark and under selected
illumination conditions, similar to those used for the /-7 measurements. The existence of a
“negative capacitance” at high injecting bias voltage was observed. Explanation for this
phenomenon are still not quite clear yet, although several possible scenarios were proposed in
the literature (i.e. intrinsic property of disorder materials [7]; phase shift of the impedance due
to space charge limited current [10, 11], etc).

In reverse bias only a small change in the capacitance was observed under
illumination. Nevertheless, the small increase in the capacitance can be directly correlated
with the presence of photoinduced charge carriers since the capacitance increase under
illumination, AC;, is directly proportional to the illumination intensities. Finally, a presence of

a small number of long-living trapped charge carriers was observed.
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Chapter 4

4. photOFETs based on MDMO-PPV: PCBM
(1:4) blends on top of a PVA gate-insulator

Capacitance-voltage (C-V) measurements can be used to determine charges in
insulators like charges located in interface traps, bulk traps, as well as mobile ionic
charges. Hence capacitance-voltage measurements are widely used in order to gain
information on the electrical properties of insulating materials or on interface effects.
Therefore, prior to the presentation of the transistor characteristics photOFETs based on PVA
gate insulators and MDMO-PPV: PCBM (1:4) blends as the photoactive semiconductor layer,

C-V characteristics of MIM or MIS structure are discussed.

4.1 PVA based MIM device

Metal-Insulator-Metal (MIM) devices based on pristine PVA dielectrics were prepared

and characterised.

M

Fig. 4.1 AFM image of a PVA dielectric film.
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Fig. 4.1 shows the height image of spin coated PVA dielectric films obtained by AFM

measurements in the tapping mode. It can be concluded from the figure that the PVA

dielectric provides a smooth surface with a roughness below 3 nm.

The capacitance vs. frequency of PVA based MIM devices in the dark are shown in

Fig. 4.2. The capacitance strongly depends on the measurement frequency. The capacitance

increase with decreasing frequency may be explained on the basis of charge carriers being

blocked at the electrodes. However, an alternative explanation might be given in terms of

molecular dipoles presented in PVA that cannot follow the applied electric field at large

frequencies [1]. Without additional measurements, performed over a wide range of

temperatures, these dielectric measurements cannot be unanimously analysed.

Capacitance / nF.cm®

4.2. PVA/MDMO-PPV: PCBM (1:4) blend based MIS devices
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Fig. 4.2 Capacitance vs. frequency of PVA based MIM devices.
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4.2.1. Dark condition

Metal-Insulator-Semiconductor (MIS) devices based on PVA and on the MDMO-
PPV: PCBM (1:4) blend as active layer were fabricated and characterised in the dark and
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under illumination (as described earlier, Chapter 2). As top source and drain contacts, LiF/Al
was used.

The surface properties of the blend films on PVA were measured with an AFM (Fig.
4.3).

M

Fig. 4.3 AFM image of a PVA/MDMO-PPV: PCBM (1:4) blend film.

The blend films coated on top of the PVA dielectric show a roughness below 25 nm. A
phase separation as already observed earlier is also noted [2, 3].

The capacitance vs. frequency of PVA/MDMO-PPV: PCBM (1:4) blend based MIS
device in the dark is shown in Fig. 4.4. With a negative bias voltage, no significant change in
the capacitance over a wide range of frequencies was observed. However, when the device is
biased with a positive voltage, injected electrons, which are accumulated at the PVA/blend

interface, induce an increase of the capacitance.
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Fig. 4.4 Capacitance vs. frequency of PVA/MDMO-PPV: PCBM (1:4) blend based MIS
devices.

Since the blend is composed of a mixture of p- and n-type semiconductors, one could
expect injection/accumulation of both charge carriers in the blend. In the case of LiF/Al top
contacts, only electron injection/accumulation was observed.

C-V characteristics of the same device in the dark are shown in Fig. 4.5. The voltage
was scanned from —40 V up to 40 V in the forward and back direction at a given frequency.
At the lowest frequency (333 Hz), starting from —40 V up to —7 V no significant injection of
holes is observed (Fig. 4.5, upper curves). Massive electron injection started beyond —7 V,
inducing an increase in the capacitance. Approximately between +20 V up to +40 V the
capacitance saturated. In order to bring the capacitance back to the initial value, a large
negative bias voltage must be applied. As a result, a significant hysteresis in the C-V curves
occurs. Similar C-V characteristics are observed at high frequencies, yet the difference
between the maximum and the minimum capacitance does decrease with increasing
frequency.

The results suggest that charge carriers, which are trapped/detrapped at the
dielectric/blend interface, are responsible for the occurrence of a hysteresis in the C-V

characteristics.
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In other systems, the occurrence of hysteresis loops has been attributed to charge
trapping effects at the semiconductor/dielectric interface or in the bulk of the dielectric as well

[4-6].
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Fig. 4.5 Capacitance-Voltage characteristics of the PVA/MDMO-PPV: PCBM (1:4)
blend based MIS devices in the dark. The arrows show the sweep directions, starting at —40 V

Another interesting observation is that the total capacitance of the system is slightly
higher than the total capacitance of the MIM device based on pristine PVA dielectrics. This
effect is not yet fully understood.

In the classical picture the total capacitance of capacitors in series is given by:

L L‘FL, (12)
C, C C
where C; is the total capacitance, C; the insulator capacitance and C; the semiconductor
capacitance, respectively.

According to equation (12), the maximum value of C; should be the insulator
capacitance. The observed results indicate a negative capacitance of the semiconductor.

However, other effects might also induce the unexpected higher value of Ci, like for example

parasitic parallel capacitances due to the geometry of the device.
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4.2.2 Under monochromatic illumination

The same device was characterised in the dark and under monochromatic conditions.
As light source an Ar" laser with a wavelength of 514 nm and an intensity of 6 mW.cm™ was
used. The transient capacitance was recorded in the dark and then under monochromatic
illumination and finally in the dark again after illumination at a given frequency and light
intensity (Fig. 4.6). The capacitance shows a voltage dependence, with a larger light to dark
ratio in the case of negative bias voltage. In this case, the device is depleted of charge carriers
and the light effect is more pronounced. In the case of positive bias (accumulation mode),
electrons are injected by the contact and the contribution of the light induced charges to the

total capacitance is less visible.
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Fig. 4.6 Transient capacitance of the PVA/MDMO-PPV: PCBM (1:4) blend based MIS
devices in the dark and under monochromatic illumination.
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Fig. 4.7 C-V characteristics of the same device under monochromatic illumination. The
arrows indicate the sweep directions, starting at —40 V.

Fig. 4.7 shows the C-V characteristics under illumination for the following
illumination conditions: A = 514 nm, 6 mW.cm™. Arrows are used to indicate the sweep
direction. A significant increase in the capacitance as compared to the values in the dark is
observed under negative bias voltage (see Fig. 4.5). A general trend of the C-V characteristics
is that the threshold voltage shifts to higher positive voltages in comparison to the dark,
presumably due to complex interactions of different effects like: charge trapping at the
PVA/blend interface or in the bulk of the dielectric or additional electric field induced
charges.

C-V characteristics in the dark, under illumination and in the dark after illumination
are depicted in Fig. 4.8. C-V characteristics taken in the dark after illumination had a similar
initial hysteresis shape. The threshold voltage shift obtained under illumination can be
recognised in the shape of the C-V characteristic taken in the dark after illumination. Again, a

possible reason for this effect can be charge-trapping effects at the PVA/blend interface.
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Fig. 4.8 Capacitance vs. voltage of the PVA/MDMO-PPV: PCBM (1:4) blend based MIS
devices in the dark, under illumination and in the dark after illumination. The arrows indicate
the sweep direction, starting at — 40 V.

4.2.3. Under AM1.5 illumination

C-V characteristics are taken under white light illumination conditions (AM1.5/100
mW.cm™), and shown in Fig. 4.9. As white light source solar simulator was used. Significant
changes in the C-J characteristics occur upon illumination, as depicted in Fig. 4.9. At the
beginning of the measurement, an enormous increase in the capacitance was observed,
followed with by a strong decrease to a stable value, also in the return scan direction (from
+40 V to —40 V).

Fig. 4.10 shows C-V characteristics of the same device in the dark after illumination.
As depicted, no further voltage dependence was observed, as explained by the absence of an
accumulation or depletion-operating mode.

The observed behaviour is explained as a severe photoinstability of the system and
corresponding device degradation. It should also be noted that during illumination the device
is subject to significant heating. The PVA itself is a transparent dielectric polymer which is
not expected to yield a complete photodegradation within the short measurement times of the
experiment. Furthermore, the MDMO-PPV/PCBM mixture used here is a well known solar

cell material and has been shown to be reasonably stable in a glove box under a controlled
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Argon atmosphere. Therefore, the degradation observed here (in Fig. 4.9) is probably due to
the interface degradation between the PVA dielectric and the photoactive layer. This is also
supported by the fact that devices based on the other dielectric used in this thesis (BCB)
reveals a much more stable capacitance response upon illumination. Still, the origin of the
processes and mechanisms, which caused the photoinstability and degradation, are not quite

clear yet.
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Fig. 4.9 Capacitance-Voltage characteristics of the PVA/MDMO-PPV: PCBM (1:4) blend
based MSM device under white light illumination condition (AM1.5 /100 mW.cm™). The
arrows indicate the sweep direction, starting at —40 V.
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Fig. 4.10 Capacitance-Voltage characteristics of the PVA/MDMO-PPV: PCBM (1:4) blend
based MSM device in dark post-white light illumination at 1 kHz. The arrows indicate the
sweep direction, starting at —40 V.

4.3. PVA/MDMO-PPV: PCBM (1:4) blend based photOFETSs

Photoresponsive Organic Field-Effect Transistors (photOFETs) based on PVA and
MDMO-PPV: PCBM (1:4) blends (PVA-photOFETs) are fabricated and characterised in the
dark, under monochromatic illumination and under white light conditions (AM1.5). For the
top source and drain contacts LiF/Al is used. The device fabrication and the characterisation

techniques used are described in Chapter 2.

4.3.1. Dark condition

The output characteristics of MDMO-PPV: PCBM (1:4) - PVA photOFETs with
LiF/Al top source and drain contacts in the dark are shown in Fig. 4.11. An electron
accumulation mode is achieved with a positive bias gate voltage, Vg, demonstrating n-type
transistor behaviour, similar to the behaviour reported in pristine PCBM based devices [4]. It
is assumed that LiF/Al forms ohmic contacts with the blend layer, especially with respect to

charge injection and collection from the fullerene phase [7, 8].
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Fig. 4.12(a) and 4.12(b) shows transfer characteristics and square root of the source-
drain current at drain-source voltage V4 = 80 V in the dark, respectively. An electron field-
effect mobility, i, of 107 cm?/Vs was calculated from the saturation regime by using equation
(2) (see Chapter 1). In pristine PCBM based OFETs, calculated electron mobilities as high as
0.2 cm*/Vs have been observed [4], at least one order of magnitude larger than in the present
blend devices. In both cases the device geometry, dielectric and metal contact are similar.
Therefore, we presume that the polymer chains significantly disturb the inter-molecular
hopping transport in the fullerenes phase of the blend, lowering its electron field-effect
mobility. Again, by changing the sweep direction, a hysteresis was observed in the transfer

curve, as in the case of the PVA/blend based MIS device.
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Fig. 4.11 Output characteristics of the PVA-photOFETs with LiF/Al source and drain
contacts in the dark.

48



Vv, =80V gt
10 ° .-'... .l...
,l... ,l/.l.
<\E 1 0 7 ] / /./l /./
_3 ./. /.
i /l/ ./ /
10° 4 /
g
1 0-9 T T T T T T T T T T
-40 -20 0 20 40 60
V IV

gs

Fig. 4.12(a) Transfer characteristics of the PVA/MDMO-PPV: PCBM (1:4) blend
based device in the dark at V4 = 80 V. The arrows indicate the sweep direction, starting at —
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Fig. 4.12(b) Vg vs. (Ves — Vi) plot at Vg = 80 V. The electron field effect mobility of
107 cm?/Vs was calculated using Eq. (2) from the slope of the descending curve.
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In addition to the hysteresis, in the PVA-photOFETs in dark a shift of the threshold
voltage (bias-stress) towards higher voltages was observed, Fig, 4.13. Threshold voltage shifts
are commonly attributed to a built-in electric field near to the dielectric/semiconductor
interface caused by the presence of a sheet of charges [9, 10]. We assume that the same

mechanism applies in our system.

dark —u—1%cycle Canl D
10°4 V=80V —=— 2" cycle

Fig. 4.13. Threshold voltage shift toward higher gate voltage in the PVA-photOFETs
in the dark due to the gate-induced bias-stress. The arrows show the sweep direction, starting

at— 60 V.

In an effort to observe ambipolar transport in this device the measurement of a hole
enhanced current is performed by applying a negative Vg, Fig. 4.14. As depicted, biasing the
devices with a negative drain-source voltage (V45 = -80 V) results in a non significant hole

enhanced mode when LiF/Al source-drain electrodes are used.

50



pummEEEEEEE -
1(Y5 .ll........... - ..llll.... "
.
-
10° /
l..
< vV, =-80V
5107 )
n
l....
10° i
10-9 I T T T T T T T T T T
-60 -40 -20 0 20 40
\/gs/ V

Fig. 4.14 Transfer characteristics of the PVA/MDMO-PPV: PCBM (1:4) in the dark at
Vis =-80 V. The current is plotted in absolute scale. The arrows show the sweep
direction, starting at - 60 V.

4.3.2 Under monochromatic illumination

The transfer characteristics of the PVA-photOFETs in the dark and under
monochromatic light (A = 514 nm) illumination with different intensities are shown in Fig.
4.15. Transfer characteristic in the dark show an electron enhanced mode which is developed
when the device is biased with positive voltages (curves with filled square symbols). Upon
monochromatic illumination at a low light intensity (6 mW.cm™) the device shows transistor
amplification. A shift in the threshold voltage towards larger positive voltages with respect to
the dark value was observed. A similar behaviour under the same illumination conditions was
also observed in the MIS devices based on PVA/MDMO-PPV: PCBM (1:4) blends (see Fig.
4.8). By increasing the illumination intensity up to 30 mW.cm?, the drain-source current, /g,
becomes less gate dependent. By further increasing the illumination intensity up to 300
mW.cm?, Iy becomes completely gate voltage independent, and a transition from a three to
two terminal device occurs. At 1000 mW.cm™ illumination intensity, the drain source current
continues to be gate voltage independent. The device shows strong photodegradation at and

after this high illumination intensity.
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Transfer characteristics before and after illumination with a low light intensity are
taken; Fig. 4.16 shows transfer characteristics of the initial dark state (curves with filled
square symbols), under illumination of 6 mW.cm™ (upper curve) and final state in the dark
after illumination (curves with filled triangle symbols). As depicted, the threshold voltage
shifts to larger positive bias voltage with respect to the initial dark state. Again, these results
are in good correlation with the results obtained with similar MIS structures (see Fig. 4.8). the
final dark state taken after exposing the device to the light reveals a significant and permanent

device degradation.
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Fig. 4.15 Transfer characteristics of the PVA-photOFET in the dark (filled square curves)
and under illumination (upper curves) taken at Vgs = 80 V. The arrows show the sweep
direction, starting at — 60 V.
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Fig. 4.16 Transfer characteristics of the PVA-photOFET in the dark initial state (filled square

curves), under illumination with 6 mW.cm™ (open symbol curves) and in the dark state after

illumination (filled triangle symbol curves). The arrows show the sweep direction, starting at
- 60 V.

4.3.3 Under AM1.5 illumination

The transfer characteristics of the PVA-photOFETs in the dark and under white light
illumination are shown in Fig. 4.17 [11]. The curves with open square symbols (upper curve)
in Fig. 4.17 show the photoresponse of the devices. At a low white light (with an AMI.5
wavelength spectrum) intensity of 1 mW/cm?, the transfer characteristics show a gate voltage
induced electron enhanced mode. In the depletion mode, /45 increases more than two orders of
magnitude in comparison to the dark currents. At higher light intensities the drain-source
current, /g5 increases even more, becomes however gate voltage independent and the device
performance changes to a two terminal photoresistor behaviour associated by a strong device

degradation.
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Fig. 4.17 Transfer characteristics of the PVA-photOFET in the dark (filled square curves),
under AM1.5 (1 mW/cm?) illumination (open symbol curves) and in the dark after
illumination (filled triangle symbol curves) measured at Vg =+ 80 V. The arrows show the
sweep direction, starting at — 60 V.

The increase in /g5 can be explained by the generation of a large number of charge
carriers due to the photoinduced charge transfer at the conjugated polymer/fullerene bulk
heterojunction (photodoping). In the illuminated PVA based photOFET devices, a high field
is required for reaching the threshold voltage. After switching off the light, a significant shift
in the transfer curve with respect to the initial dark transfer characteristic together with
dramatic changes in the transfer characteristics was found (curves with filled triangular
symbols in Fig. 4.17). The observed behaviour, seems to be a superposition of the light-
induced bias-stress and the gate-induced bias-stress (Fig. 4.13), presumably due to complex
interactions of different effects like charge trapping at the PVA/blend interface or in the bulk
of the dielectric and semiconductor or from additional electric field induced charges. Further
increase of illumination intensity result in dramatic difference in the dark initial and final state
(hysteresis in transfer characteristic is minimized), Fig. 4.18. These results are well correlated
with the results obtained on similar MIS structures (see Figs. 4.9 and 4.10). We attribute that
behaviour to the photoinstability of the device and permanent device degradation. The origin
and nature of the processes, which lead to the observed irreversibility, are not quite clear yet

but we discussed some of our thoughts already in the last section.
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Fig. 4.18 Transfer characteristics of the PVA-photOFET in the dark state (curves with filled
squares), under AM1.5 / 100 mW.cm™ illumination (upper curve) and in the final dark state
(curves with filled triangles). The arrows indicate the sweep direction, starting at — 60 V.

4.4 Summary

In summary, a series of devices fabricated on PVA were studied. Among polymeric
gate dielectrics, PVA shows a high dielectric constant and forms highly transparent films. The
depositing process is simple and easy to perform under ambient environment conditions at
room temperature. Therefore, PVA is a promising candidate dielectric to be used as gate
insulator in OFETs used in the dark.

The observed frequency dependent capacitance in pristine PVA based MIM devices
shows fingerprints of charged species present in the bulk of the dielectric.

MIS structures based on MDMO-PPV: PCBM (1:4) blends and PVA were
characterized in the dark, under monochromatic and under white light illumination. Clear
electron injection and accumulation was observed in the devices. A significant hysteresis in
C-V characteristics in the dark and under illumination was observed, presumably due to
charge trapping and detrapping at the PVA/blend interface. Upon illumination,
photogenerated charge carriers cause an increase in the sample capacitance. A shift of the

threshold voltage towards higher positive voltage upon illumination was explained by
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requiring a larger field for charge detrapping. Under white light illumination, photoinstability
and permanent device degradation during and after measurement was observed.

PhotOFETs based on PVA/MDMO-PPV: PCBM (1:4) blends are fabricated and
characterized under similar conditions as the MIS devices. In the dark, transistors with LiF/Al
top source-drain contacts showed n-type behavior, with a significant hysteresis in the transfer
characteristics and the threshold voltage shift (bias-stress). Under monochromatic or white
light illumination; PVA-photOFETs shows a relatively high photoresponse, but a weak
photostability.

Nevertheless, the observed hysteresis in PVA has been utilized in memory elements in

the dark (memOFETS) as reported in Chapter 6.
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Chapter 5

S. photOFETSs based on MDMO-PPV: PCBM (1:4)
blends on top of BCB gate-insulator

PhotOFETs based on BCB and MDMO-PPV: PCBM (1:4) blends, BCB-photOFETs,
will be presented in this Chapter. As top source and drain contacts, LiF/Al were used. The
BCB/blend interface was studied with C-V measurements on MIM and MIS devices. Again,

prior to the transistors results observations on MIM and MIS devices will be discussed.

5.1. BCB based MIM device

Metal-Insulator-Metal (MIM) devices based on pristine BCB dielectrics were

fabricated and characterised as described in Chapter 2.

M

Fig. 5.1 AFM image of the BCB dielectric film.
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Fig. 5.1 shows the height image of spin coated and crosslinked BCB dielectric films
obtained by AFM measurements in tapping mode. It can be concluded from the figure that
BCB provides a smooth surface with a roughness below 5 nm.

The capacitance vs. frequency of the BCB based MIM device in the dark is shown in
Fig. 5.2. As shown, no frequency dependence of the capacitance was observed. BCB was
cured after spin coating in order to create the network polymer structure. In comparison to
PVA, the amount of impurities in the crosslinked BCB is smaller. This is one of the reasons
for the excellent insulating, dielectric, mechanical, thermal and chemical properties of BCB.

A dielectric constant of 2.65 was estimated from BCB based MIM devices.
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Fig. 5.2 Capacitance vs. frequency of BCB based MIM devices.

5.2. BCB/MDMO-PPV: PCBM (1:4) blend based MIS devices

5.2.1. Dark conditions

Metal-Insulator-Semiconductor (MIS) devices based on BCB and MDMO-PPV:

PCBM (1:4) blends were fabricated and characterised in the dark and under illumination.
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The height image of spin coated MDMO-PPV: PCBM (1:4) blends on BCB dielectric
films obtained by AFM investigations in tapping mode is shown in Fig. 5.3. Phase separation

in the blend film similar to the blend film on top of PVA is also observed.

{11 ]

Fig. 5.3 AFM image of the BCB/MDMO-PPV: PCBM (1:4) blend film.

The capacitance vs. frequency of the BCB/MDMO-PPV: PCBM (1:4) blend based
MIS device is shown in Fig. 5.4. With positive bias voltage, injected electrons, accumulated at
the BCB/blend interface, induce an increase of the capacitance. In contrast, negatively biasing
the device shows no significant change in the capacitance, similar to the case of PVA-MIS
devices.

Fig. 5.5 shows C-V characteristics of the BCB/MDMO-PPV: PCBM (1:4) based MIS
device in the dark. The electron injection and accumulation starts around 0 V: By positively
biasing the device an increase in the capacitance occurs. A negligible hysteresis is observed
when changing the sweep direction. By increasing the frequency range, the capacitance shows
a decreasing trend due to the fact that the charge carriers cannot follow the fast ac-voltage

modulation.
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5.2.2. Under monochromatic illumination

The MIS devices were also characterised under monochromatic illumination
conditions. As a monochromatic light source, an Ar™ laser was used with a wavelength of 514
nm and an intensity 6 mW.cm™. The transient capacitance measurements for fixed light
intensity are shown in Fig. 5.6. The device was biased with 0 V and +20 V, corresponding to
the accumulation-operating mode of the device. Again, the light to dark ratio in the
accumulation regime is smaller than in the depletion regime since the electrons injected by the
contact are contributing to the total capacitance. This kind of behaviour was already observed
in PVA based MIS devices. The observed device behaviour can be used for tuning the device
photoresponsivity of the device simply by adjusting the bias voltage.

In Fig. 5.7, a transient capacitance characteristic is shown. A measurable difference in
the capacitance before and after illumination is observed in the accumulation mode,
presumably due to charge trapping. A similar effect is observed in blend based MSM diodes
(Fig. 3.6). It will be shown in the case of transistors that those charges can be de-trapped
either by annealing or by applying large negative bias voltages. In the case of MIS devices,

de-trapping was observed by leaving the device over night.
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Fig. 5.6 Transient capacitance of BCB/MDMO-PPV: PCBM (1:4) based MIS devices.
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Fig. 5.7 Transient capacitance of the devices at +20 V.

C-V characteristics taken under monochromatic illumination are shown in Fig. 5.8. An
increase in the capacitance due to photodoping and a negligible hysteresis is observed.

Fig. 5.9 shows initial dark, illumination and final dark C-V characteristics. A clear
increase in the capacitance upon illumination due to the contribution of photoinduced charge
carriers to the total capacitance is observed. Again, a shift of the threshold voltage caused by
trapping of the photogenerated charges is seen, but is much smaller in comparision to PVA

based MIS devices (Fig. 4.8).
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Fig. 5.8 C-V characteristic of BCB/MDMO-PPV: PCBM (1:4) blend based MIS devices
under monochromatic illumination.

1141 light 514 nm / 6 mW.cm”
1 13__4'7 dark final
' 1= dark initial

Capacitance / nF.cm?

-40 -20 0 20 40

Voltage / V

Fig. 5.9 C-V characteristics of the BCB/MDMO-PPV: PCBM (1:4) blend based MIS devices
in the dark, under monochromatic illumination and in the dark after illumination at 1 kHz.
The arrows show the sweep direction, starting at —40 V.
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5.2.3. Under AM1.5 illumination

Fig. 5.10 shows C-V characteristics of the MIS device in the dark (dark initial), under
white light (AM1.5) illumination, and in the dark after illumination (dark final).

1,04

1 dark initial
1’02'_ —— AM1.5/100 mW.cm™
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0,984

Capacitance / nF.cm™

40 20 0 20 40
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Fig. 5.10 C-V characteristics of the MIS device in the dark, under white light and in the dark
after white illumination. The arrows show the sweep direction, starting at — 40 V.

In general, the device response is similar to the device response under monochromatic
illumination. The increase of the capacitance caused by photogenerated space charges is
observed together with a shift of the threshold voltage in comparison to the initial state. The
threshold voltage shifts towards more negative values, as compared to the shift under
monochromatic illumination. Also, the increase in the capacitance due to illumination is
higher here. Again, there is no sign of hole injection. The hysteresis in the C-V characteristics
under white light illumination becomes more pronounced. Also, we cannot exclude heating
effects from the solar simulator itself, which may change the charge trapping/de-trapping

kinetics.
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5.3. BCB/MDMO-PPV: PCBM (1:4) blend based photOFETsSs

5.3.1. Dark conditions

Output characteristics of the BCB - MDMO-PPV: PCBM (1:4) blends based
photOFETs, with LiF/Al as top source and drain electrodes in the dark are shown in Fig. 5.11.
As mentioned above, crosslinked BCB forms an inert dielectric layer with excellent dielectric
properties. An electron enhanced mode in the dark is achieved by biasing the devices with

positive gate-source voltages, Ves.
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Fig. 5.11 Output characteristics of the MDMO-PPV: PCBM (1:4) based photOFET fabricated
on top of the BCB in the dark.

Transfer characteristics of the same device in the dark show n-type unipolar transistor
behaviour, Figs. 5.12(a),(b) and 5.14. A negligible hysteresis in the transfer curves at Vg = 80
V is observed, Fig. 5.12(a). From the slope of the VI vs. (Ves- Vi) plot Fig. 5.12(b), an
electron field-effect mobilitiy, u. of 10? cm?/Vs was calculated by using Eq. (2). No gate-
induced threshold voltage shift [10] was observed in the BCB-photOFETs in the dark, Fig.
5.13. As in the case of PVA/blend based OFETs, in order to check for ambipolar transport in

BCB/blend based OFETs, measurements of the hole enhanced current was performed. By
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applying a negative drain-source voltage, no hole accumulation is observed in the device, as

shown in Fig. 5.14.
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Fig. 5.12(a) Transfer characteristics of the BCB/MDMO-PPV: PCBM (1:4) blend
based photOFET in the dark at V4, = 80 V. The arrows show the sweep direction, starting

at—60 V.
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Fig. 5.12(b) \/IdS vs. (Vs — Vi) plot at V45 =80 V. The electron field effect mobility of
10 cm®/V's was calculated from the slope of the curve by using Eq. (2)

67



vV, =80V
107 —n—2"cycle
1 —s—1%cycle
<
~ 10°-

10"+ : : :
60 -40 -20 0 20 40 60

Fig. 5.13 Two cycles of the transfer characteristics of the BCB/MDMO-PPV: PCBM
(1:4) blend based photOFETs in the dark shows no gate-induced threshold voltage shift.
The arrows show the sweep direction, starting at — 60 V.
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Fig. 5.14 Transfer characteristics of the BCB/MDMO-PPV: PCBM (1:4) blend based
photOFET in the dark at Vg, = -80 V. The absolute value of the current is plotted vs. V. The
arrows show the sweep direction, starting at — 60 V.
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5.3.2. Under monochromatic illumination

The light response of the BCB-photOFET is shown in Fig. 5.15 by comparing the
drain-source current obtained in the dark (curves with filled symbols) and under given
monochromatic illumination (curves with open symbols) for different gate voltages. Upon
illumination, photoinduced charge transfer between the conjugated polymer and the fullerene
in the blend occurs, increasing the number of the charge carriers which cause increase in /gs.
The negligible hysteresis in the transfer characteristics in the dark and under monochromatic

illumination is presented in Fig. 5.16.
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Fig. 5.15 Output characteristics of the BCB/MDMO-PPV: PCBM (1:4) based photOFET in
the dark (curves with filled squares) and under monochromatic illumination (curves with open
squares) for different gate voltages.
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Fig. 5.16 Transfer characteristics of the above shown device under monochromatic light
illumination with different light intensities at V4s = 80 V.

By increasing the illumination intensity from 6 mW.cm™ to 1000 mW.cm™, a shift in
the threshold voltage is observed, presumably due to light-induced bias-stress [10]. No gate
induced bias-stress was observed in the BCB-photOFETs in dark as shown previously (Fig.
5.13). At 1000 mW.cm™ of focused laser light the device still shows transistor amplification
behaviour. The dark transfer characteristic after exposure of the device to that illumination
intensity was taken (curves with red filled squares, Fig. 5.16) demonstrating that the device is
still operating. The off current becomes higher with respect to the initial dark curves. A shift
of the threshold voltage towards negative gate bias voltages and an increase in the off current
is observed, presumably due to the light induced charge trapping at the BCB/blend interface
(light-induced bias-stress). Clearly observable is that in contrast to PVA, BCB is a gate-

insulator forming a much more photostable system.

5.3.3. Under AM1.5 illumination

As mentioned above, crosslinked BCB forms an inert dielectric layer with excellent
mechanical properties and chemical stability. On top of BCB bulk heterojunction MDMO-
PPV: PCBM (1:4) blends based photOFETs were fabricated. As top source and drain
electrodes, LiF/Al was used. An electron enhanced mode in the dark and under AM1.5 (100
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mW/cm?) illumination is achieved by biasing the devices with positive gate-source voltages,
Ves (Fig. 5.17) [1]. The light response of the devices is clearly revealed by comparing the
values of the drain-source current in the dark and under illumination. Again, the increase of /4
is caused by the creation of a large number of free charge carriers due to photoinduced charge
transfer between the conjugated polymer and the fullerene in the blend. A negligible
hysteresis in the initial dark transfer characteristics is observed (curves with filled squares in
Fig. 5.18) [1]. A calculated electron mobility, u. of 107 ¢cm?/Vs is derived from the initial
dark transfer characteristics at V4 = +80 V. The transfer characteristics of the device upon
illumination with white light (AM1.5) and under different illumination intensities (from 0.1 —
100 mW/cm?) are shown in Fig 5.18 with open symbols. The drain-source current in the
depletion regime of the device is significantly increased upon illumination. In the
accumulation regime, the increase of the drain-source current is less pronounced. The
photOFET responsivity R, calculated from equation (6) (Chapter 1) in the depletion region
was found to be 10 mA/W and in the accumulation regime 0.15 A/W, respectively. The
photosensitivity P and photoresponse R4, (equations 7 and 8, respectively, Chapter 1) have a
maximum in the strong depletion regime, 10* and a minimum in the strong accumulation
regime, 10°.

The threshold voltage for reaching the accumulation mode and for opening the
transistor shifts to lower values upon illumination, suggesting that the trap carrier density in
the channel is enhanced by photodoping. The higher responsivity in the accumulation regime
than in the depletion regime is attributed to the number of photogenerated charge carriers in

the blend, which depends mostly on the light intensity and not on the applied gate voltage.
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Fig. 5.17 Output characteristics of the MDMO-PPV: PCBM (1:4) based photOFETs in the
dark (filled squares) and under AM1.5 (100 mW/cm?) (open squares).
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Fig. 5.18 Transfer characteristics of the same device in the dark (filled squares), under AM1.5

illumination for different illumination intensities from 0.1 to 100 mW/cm?” (open symbols), in

the dark after illumination (filled triangles) and in the dark after annealing at 130° C for 3 min
(filled circles), measured at Vys=+ 80 V.
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Fig. 5.19 Photocurrent as a function of the illumination intensity in the ON-state (Vg = 60 V,
filled square symbols), under low gate bias (Vs = 0 V, open square symbols) and in the OFF-
state (Vg = -60 V, open circle symbols). Solid lines are the fits based on Eqgs. (4) and (5)
(Chapter 1)

Upon illumination two different effects may occur in the active layer of the transistor,
photoconductivity and the photovoltaic effect. When the transistor is in the ON-state the
photocurrent is dominated by the photovoltaic effect and is given by Equation (4) (Chapter 1).
The photovoltaic effect together with a shift of the threshold voltage is caused by the large
number of trapped charge carriers located under the source electrode and within the
semiconductor near the dielectric interface [2-5, 10].

When the transistor is in the OFF-state, the photocurrent induced by photoconductivity
is given by Equation (5) (Chapter 1). The experimental result of photOFETs based on
MDMO-PPV: PCBM (1:4) blends and BCB (Fig. 5.19) are in good agreement with the
calculations based on Egs. (4) and (5) [1].

After illumination, a shift in the dark transfer curve with respect to the initial dark
transfer characteristics was observed (curves with filled triangular symbols Fig. 5.18)
presumably due to persistent interface effects, i.e. charge trapping, bias stressing, etc. [6-10].
In contrast to PVA, the initial dark state was recovered (e.g. recovery if the device by
removing the trapped charges) by annealing the device at 130°C for 3 minutes (curve with

filled circles, Fig.5.18). Fig. 5.20 shows the drain-source current recorded sequentially at Vg,
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= 0 V in the dark, under AM1.5 (100 mW/cm?) illumination, again in the dark and after
annealing, for the first three cycles [1]. Similar values for the respective dark/illumination
cycles show the reversibility of the device. The existence of a state in the device with a larger
current after illumination and prior to annealing may be considered as a memory effect, which
can be set by light and erased either by annealing or by applying large negative gate voltages.
Light memory induced effect in the photOFETs will be discussed in Chapter 6.
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Fig. 5.20 Drain-source current recorded at Vg = 0 V in the dark, under AM1.5 (100 mW/cm?)
illumination, again in the dark, and after annealing, for the photOFETs presented in Fig.5.17.

Finally, transfer characteristics in the negative drain-source bias regime (Vg5 = -80 V)
of the BCB-photOFETs in the dark and under white light illumination are shown in Fig. 5.21.
As shown before, there is no hole accumulation regime achieved neither in the dark nor under

illumination.
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Fig. 5.21 Transfer characteristics of the BCB-photOFET in the dark and under white
light illumination at Vg = -80 V. The arrows show the sweep direction, starting at — 60 V.

5.4. Spectral characterisation of the BCB/MDMO-PPV: PCBM
(1:4) blend based photOFETSs

Recent reports of the optoelectrical characterisation of phototransistors based on
poly(3-hexythiophene) (P3HT) [11] and on pentacene [12,13] show that spectroscopy may
find general applications in the analysis of the performance of organic FETs.

The detailed experimental part related to the spectral characterisation of the BCB-
photOFET is given in Chapter 2. The spectral dependency of the photogenerated current in
the BCB-photOFET together with the absorption spectra of the MDMO-PPV: PCBM (1:4)
blend (dashed line) is shown in Fig. 5.22. The spectrum in Fig. 5.22 was obtained by
recording the transistor transfer characteristics at selected wavelengths and making a cross
section at a certain Vy (constant Vg, = 80 V). The dark current was subtracted from these
curves to show only the light induced current, which is normalized to the incident light power
kept constant for all wavelengths. The constant light power is necessary to compare the
current values at different wavelengths, as the transistor response is nonlinearly dependent on
the incident light power (see § 5.3.3., Chapter 5).

The absorption spectra of the blend shows two maxima at ~ 360 nm and ~ 480 nm,

which can be identified as absorption peaks originating from PCBM and MDMO-PPV,
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respectively. In general, I,n(A) at Ve = 0 V follows the absorption spectrum. In the
accumulation regime, a strong amplification of the photogenerated current due to the applied
gate voltage is observed, whereas in the depletion regime, it shows no gate voltage
dependence.

Furthermore, in the strong depletion regime, at Vys =-40 V and -60 V, the contribution
of PCBM to the photogenerated current seems to be suppressed. The noisy current in the
spectral region of low absorption (600 — 800 nm) is probably due to stray light and the small,
but significant absorption of PCBM in this spectral range.
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Fig. 5.22 Spectral response of a BCB-photOFET; absorption coefficient of the
MDMO-PPV: PCBM (1:4) blend (dashed line).

The photosensitivity (given by equation 7, Chapter 1) is higher in the depletion than in
the accumulation regime, as already mentioned in § 5.3.3. This is due to the fact that the
amplification of the dark drain-source current in the accumulation regime is higher than the
amplification of the light-induced current. The highest photosensitivity is reached without any
gate voltage, a state corresponding to a two-terminal photodiode. The photosensitivity versus

gate voltage for a wavelength of 490 nm is given in Fig. 5.23.
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Fig. 5.23 Photosensitivity vs. gate voltage of a BCB-photOFET at A =490 nm.

The transfer characteristics in the dark were recorded sequentially after illumination,
as depicted in Fig. 5.24. The initial dark transfer characteristics are taken prior to the
illumination of the device (dark start before 800 nm in Fig. 5.24). An important point is that a
threshold voltage shift towards negative voltages occurs after illumination with 410 nm. An
even more pronounced threshold voltage shift and a hysteresis in the transfer characteristics
(light-induced bias-stress) occurs after illumination of the device with 350 nm. The threshold
voltage shift and appearance of a hysteresis was already observed in the C-J characteristics of
the BCB/blend based MIS device (Fig. 5.10) and in the transfer characteristics of the BCB-
photOFETs taken during and after AM1.5 illumination (Fig. 5.18). Present results indicate
that charges originating from a photoexcitation in the blue spectral region are causing a shift
of the threshold voltage (light-induced bias-stress) and the hysteresis in the BCB/MDMO-
PPV: PCBM systems. This seems to be connected with the suppression of the UV
contribution in the photocurrent spectra, Fig. 5.22.

The light memory element will be discussed in Chapter 6.
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Fig. 5.24 Transfer characteristics of a BCB-photOFET at V4 = 80 V in the dark taken
sequentially during the optoelectrical measurement. The arrows show the sweep direction,
starting at — 60 V.

5.5 Summary

Crosslinked BCB forms an inert dielectric layer with excellent mechanical properties
and high transparency. Series of devices fabricated on BCB gate insulator were studied.

In contrast to PVA, no frequency dependence in the capacitance in pristine BCB based
MIM device was observed.

MIS structures based on MDMO-PPV: PCBM (1:4) blends on BCB were
characterized in the dark, under monochromatic and under white light illumination. Clear
electron injection and accumulation was observed in those devices. A negligible hysteresis in
the C-V characteristics was observed in dark. Upon illumination with monochromatic or white
light, photogenerated charge carriers cause capacitance increases in MIS devices. Trapping of
photogenerated charge carrier explained the shift of the threshold voltage towards negative
voltages upon illumination. Relatively smaller increases of the capacitance in the
accumulation regime than in the depletion regime upon illumination can be used in practical
application for tuning the device photoresponsitivity by adjusting the bias voltage. Under

white light illumination, increases of the capacitance were higher than in the case of
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monochromatic illumination. A hysteresis in the C-V characteristics under white light
illumination appears, presumably because of charge trapping.

PhotOFETs based on BCB/MDMO-PPV: PCBM (1:4) blends are fabricated and
characterized under similar conditions as the MIS devices. In the dark, transistors with LiF/Al
top source-drain contacts showed n-type behavior, with negligible hysteresis in the transfer
characteristics and no gate-induced threshold voltage shift. Under monochromatic
illumination; BCB-photOFETs shows high response and relatively good photostability, even
at very high illumination intensities (up to 1000 mW.cm™). Under white light illumination, an
increase in /g5 of more that two orders of magnitude in the depletion regime caused by the
generation of a large number of charge carriers is observed. A photovoltaic effect together
with a shift of the threshold voltage, caused by the large number of trapped charge carriers
under the source electrode and near to the dielectric/semiconductor interface (light-induced
bias-stress), in the transistor ON-state, is observed. When the transistor is in the OFF-state,
the photocurrent is induced by a photoconductivity. The obtained results show good
correlation with the theory.

After illumination of the BCB-photOFETs, a shift of the dark transfer curve with
respect to the initial dark transfer curve was observed, presumably due to light-induced bias-
stress occur at the BCB/MDMO-PPV: PCBM interface. Recovery of the initial dark state (e.g.
recovery of the device by removing the trapped charges) was achieved by annealing. It is
proposed to exploit the effect of an increased dark state current after illumination in
applications such as a light activated memory (“light memory device”).

The spectral response of the BCB-photOFET was estimated. Amplification of the
photogenerated currents in the strong accumulation regime except for a suppression of
photocurrent induced by photons in the blue spectral region, coinciding with a threshold
voltage shift as already observed under white-light illumination. This leads to the conclusion
that the absorption of UV-photons induces reversible changes in the device transfer

characteristics than can be utilized in a light memory device.
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Chapter 6

6. Memory Elements based on Organic Field-Effect
Transistors and Light Memory Element based on
Photoresponsive Organic Field-Effect Transistors

In this chapter, a non-volatile memory device based on an OFET using a polymeric
electret as gate dielectric and light memory device based on the trapping of photoinduced

charges in BCB-photOFETs are presented.

6.1 Non-volatile Organic Field-Effect Transistor Memory
Element with a Polymeric Gate Electret

A typical OFET structure is shown in Fig. 6.1 together with the chemical structure of
PVA and PCBM [1]. The details about the device fabrication are given in Chapter 2. The
channel length, L of the OFET is 65 pm and the channel width # = 1.4 mm. For the electret, a
thickness d = 1.4 um, dielectric constant, &,, = 5 and capacitance of Cpyy = 3 nF/cm? was
measured. This results in a d/L ratio = 0.02, which is acceptable in order to avoid having the
gate field screened by the source-drain contacts. For both source and drain electrodes, Cr is

used.

Semiconductor (PCER)
Electret

Gate {ITO)

Glass

Fig. 6.1 Chemical structure of (a) PVA, (b) methanofullerene (PCBM), and (c) schematic of
the staggered mode nonvolatile memory OFET.
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The transistor characteristics I( V) are shown in Fig. 6.2 featuring an n-channel FET
[2-4] with electron accumulation mode with applied positive Vg and an electron depletion
mode with increasing negative Vg, [1]. A saturation of /; with increasing Vy;, is obtained even
if no Vi is applied. It is not clear as yet why FETs based on fullerenes have this “on”
behaviour with V4= 0 V. The substrate surface may play a critical role in this effect; devices

with substrates treated with amines have also been found to show this behaviour (Fig. 6.2) [5].
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Fig. 6.2 Transistor characteristics of an OFET with channel length L = 65 um, channel width
W = 1.4 mm for different V. All measurements were carried out at room temperature. The
data shown here are taken in descending V', mode from 50 to —50 V in steps of 10 V as
labelled from 1- 11. The integration time is 1 s.

We observed a difference in I;(Vy) plots while taking the data by increasing and/or
descending the gate voltages. Data presented here are recorded when the gate voltage is
applied in descending mode with 1s integration time. The sequence of the measurement in
Fig. 6.2 is labelled from 1-11. Transistor characteristics of the devices show amplification
factors up to 10* with gate on/off.

The large hysteresis observed in V, is shown in the transfer characteristics (I versus
Ves) cycling the gate voltage (Fig. 6.3) [1]. All the OFET devices reported herein show a sharp
threshold voltage Vy, a voltage which is the x-intercept of the plot of \/Ids vs V. Initial cycles
feature a negative V7, which develops into a stable hysteresis after few cycles, with turn-on

around 0 V. This allows us to calculate the mobility, 4 from the \/Ids vs. Vg plot as shown in
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the inset of Fig. 6.3. A value of 4 = 9 x 10 cm?/Vs is obtained using Equ. (2) (see Chapter
1).

A u of approximately 10" ¢m?/Vs is relatively high as compared to the reports on
PCBM devices using space charge limited currents [6, 7] and field effect studies [8]. The
origin of this improved mobility here is proposed to be the homogenous film formation on top
of the smooth electret PVA. We did not observe any significant dependence of this mobility

upon variation of the source—drain metal electrodes like calcium and LiF/Al.
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Fig. 6.3 Transfer characteristics of the OFET with ;=80 V demonstrating the nonvolatile
organic memory device. Each measurement was carried out with an integration time of 1 s.
Inset: I’ vs. Ve plot for the 10" measurement.

As presented in Fig. 6.3 the magnitude of the source-drain current /; increases with an
amplification of up to 10* at Ves = 50 V with respect to the initial “off” state with Vg =0 V.
However, the saturated /;; remain at high values even when Vg reduces back to Ve =0 V. In
order to completely deplete I, one needs to apply a reverse voltage of Vg = -30 V. A large
shift in V7, by 14 V is observed when measured for the second time with respect to the initial
cycle. Compared to the 2™ measurement, the 10" measurement has not shown a significant
shift in V. Each measurement was performed with a long integration time of 1 s with a step
voltage of 2 V. Our result indicates that there is minimal gate bias stress in these devices [9].
This observation is proposed to be due to locally trapped charges, which induce shifts in V.

To estimate the retention time of the stored charges remaining in the electret (i.e.

storage time of the memory element), time-resolved measurements were performed (Fig.
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6.4(a) and 6.4(b)) [1]. First the device was biased with V= 80 V and kept at floating gate. At
time t = 0's, Vg = 50 V is applied until a stable current is obtained. After a time ¢ = 500 s the
device is left with a floating gate. I;; remain high (memory “on” state) for more than 15 h.
This implies that once the electret is charged fully, the relaxation of the charges is a slow
process as expected for charged electrets [10]. No detectable degradation in the devices
properties has been observed after this long measurement time. In Fig. 6.4(b) the
write/read/erase/read cycles are demonstrated with write/erase pulses using positive and
negative gate voltages, respectively. Monitoring the /45 correspond to reading the memory
state. High I, denotes the “on” and low I;; the “off” state of the memory unit. The device
presents a quite long response time due to the electret mechanism of charge storage, as
discussed subsequently, but improvements seem possible with thinner gate dielectrics.

Our results cannot be explained by a dipole polarization mechanism of the electret
[11], since capacitance voltage measurement showed a negligible hysteresis. Therefore

trapping of injected charges is proposed.
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Fig. 6.4 (a) Logarithmic /; vs. time (t) plot at V4= 80 V for floating gate (denoted by Ve =0
V), during Vg= 50 V and floating gate sequentially showing long retention time. The data
were taken each 250 ms and every second data point is plotted. (b) Switching response of the
drain current, upon application of gate voltage pulses with a pulse height of + 50 V and a
pulse duration of 40 s.
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6.2. Light Memory Element based on the BCB/MDMO-PPV: PCBM (1:4)
blends based photOFETsSs

After illumination of the BCB-photOFET with a white light source or blue/UV light
(see Chapter 5, § 5.3.3), a significant shift of the dark transfer curve with respect to the initial
dark transfer curves is observed, presumably due to several effects which may occur at the
BCB/MDMO-PPV: PCBM blend interface. Recovery of the initial dark state in that system
was achieved by annealing. Narayan et al reported earlier similar effects in pristine poly (3-
hexylthiophene) (P3HT) based OFETs fabricated on PVA [12].

The effect of an increased dark state current after illumination was studied in BCB-
photOFETs. Details about the device fabrication and characterization were already given
earlier (Chapter 2). In Figure 6.5, the switching response of the drain-source current of a
BCB-photOFET upon application of gate voltage and light pulses is shown. The switching
cycles are achieved using white light illumination (AM1.5, 100 mW.cm™) and read/erase
pulses using positive (+20 V) and negative gate voltages (-50 V), respectively. Monitoring /gs
reads the memory state. By biasing the device with +20 V, the transistor is in the ON-state,
which corresponds to the reading state “0”. Upon illumination, I4 increases due to
photodoping, this corresponds to “writing”. After switching off the light charge trapping
effects at the BCB/blend interface causes persistent photodoping, which corresponds to the
memory state “1”. Biasing the device with a high negative gate voltage, -50 V, sets the
memory state back to “0”. Fig. 6.6 shows the switching response of the light memory element
based on the BCB-photOFETs for the first three cycles.

The “light induced memory” experiment was also performed under monochromatic
illumination with A = 514 nm (300 mW.cm™), Fig. 6.7. Absence of the light induced memory
effect at that illumination conditions was observed, indicating that the presence of blue/UV
irradiation is necessary.

It is worth to mention here that light induced memory effect was not observed in

pristine PCBM or MDMO-PPV based photOFETs.
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Fig. 6.5 Switching response of the drain-source current of a BCB-photOFET upon application
of gate voltage pulses with pulse heights of + 20 V and —50 V and pulses of white light
(AM1.5 / 100 mW.cm™) with a duration of 100 seconds.
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Fig. 6.6 Switching response of the light memory element based on BCB-photOFETs,
under AM1.5/ 100 mW.cm illumination, for the first three cycles.
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Fig. 6.7 Switching response of the drain-source current of a BCB-photOFET upon application
of gate voltage pulses with pulse heights of + 20 V and —50 V and pulses of monochromatic
light (.= 514 nm / 300 mW.cm™) with a duration of 100 seconds, for the first three cycles.

As known, the threshold voltage shift is commonly attributed to a built-in electric field
near the dielectric/semiconductor interface caused by the presence of a sheet of charges [10,
13]. The trapped charges screen the gate field, which in turn causes the threshold voltage
shift. Removing (detrapping) the trapped charge leads to the recovery of the system to their
initial state. Based on the above mentioned and results presented in Chapters 5, it is assumed
that in the BCB/MDMO-PPV: PCBM (1:4) blend based systems, the long living trapped
charges originating from the excitation of the conjugated polymer/fullerene blend in the blue
region of the visible spectrum are responsible for the “light induced memory” effect. For a

full understanding of the observed effects, further investigations have to be taken.

6.3. Summary

In summary, we demonstrated an organic non-volatile memory device based on
OFETs using a polymeric electret as gate dielectric. The results indicate metastable charging

of the electret with an applied gate voltage resulting in very long retention times up to hours.
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A light memory element was realized in BCB-photOFETs upon illumination with
white light pulses and simultaneously biasing the transistor with gate voltage pulses.
“Writing” was done by illumination of the device and “reading/erasing” was done by applying
positive or large negative gate voltage pulses. No light memory effect was observed in the
BCB-photOFET illuminated with monochromatic light source (A = 514 nm).

It was observed that photoexcitation of the blend in the blue region is responsible for
the long living charge traps which causes the “light induced memory” effect. Further

experiments are proposed for fully understanding the observed phenomenon.
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Chapter 7

7. Summary and Outlook

In this thesis, a systematic study on photOFETs based on conjugated
polymer/fullerene blends as the photoactive semiconductor layer and poly-vinyl-alchocol
(PVA) or divinyltetramethyldisiloxane-bis(benzocyclobutene) (BCB) as highly transparent
polymeric gate dielectrics is reported.

PhotOFETs fabricated on PVA show high responsivity but weak photostability,
whereas photOFETs fabricated on BCB show transistor behaviour in a broad range of
illumination intensities and good photostability even at high illumination intensities. For
devices with both dielectrics, the observed increase in the drain-source current under
illumination suggests the generation of carriers in the bulk of the highly photoactive
conjugated polymer/fullerene blend.

PhotOFETs fabricated on top of cross-linked BCB as dielectric show phototransistor
behaviour with sufficiently good photostability. A shift of the dark transfer curve with respect
to the initial dark transfer curves was observed, presumably due to charge trapping which
might occur at the BCB/blend interface. Recovery of the initial dark state in this devices was
achieved either by annealing or by applying a high negative gate voltage. From the transfer
characteristics in the dark taken sequentially during the optoelectrical measurement, it was
concluded that the photoexcitation in the blue (high energy photons) is mainly causing charge
trapping, which results in an increased dark state current after illumination (“light induced
memory”).

The photoresponsivity of organic field effect transistors (photOFETSs) is interesting
since it is the basis for light sensitive transistors. PhotOFETs can be used e.g. for light
induced switches, light triggered amplification, detection circuits and, in photOFET arrays,
for highly sensitive image sensors. PhotOFETs based on conjugated polymer/fullerene
mixture and organic dielectrics, together with a non-volatile memory element, presented in

this thesis have potential to be used in such applications.
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