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Abstract

High mobility bipolar charge carrier transport in organic field-effect tran-

sistors (OFETs) can be enabled by a molecular passivation layer and selec-

tive electrode materials. Using tetratetracontane as passivation layer bipolar

transport was realised in the organic semiconductors copper-phthalocyanine,

diindenoperylene, pentacene, TIPS-pentacene and sexithiophene and mobil-

ities of up to 0.1 cm2/Vs were achieved for both electrons and holes. Fur-

thermore, the trap and injection behaviour was analysed leading to a more

general understanding of the transport levels of the used molecular semi-

conductors and their limitations for electron and hole transport in OFETs.

With this knowledge the transistor operation can be further improved by

applying two different electrode materials and a light-emitting transistor was

demonstrated.

Additionally, the effect of illumination on organic field-effect transistors
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was investigated for unipolar and bipolar devices. We find that the behaviour

of photo-excited electrons and holes depends on the interface between the in-

sulator and the semiconductor and the choice of contact materials. Whereas

filling of electron traps by photo-generated charges and the related accu-

mulation field are the reason for changes in charge carrier transport upon

illumination without passivation layer, both types of charge carriers can be

transported also in unipolar OFETs, if a passivation layer is present.
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1. Introduction

Molecular or polymeric materials used as organic semiconductor in thin-

film devices have traditionally been reported as either electron or hole trans-

porting materials [1, 2]. Most of the polymeric materials, like poly-phenylene-

vinylenes or poly-thiophenes, and some classes of molecular materials, like

acenes or phthalocyanines, are typical p-conducting materials, whereas fulle-

renes or fluorinated molecules are mainly n-conductive. By contrast, bipolar

transport has been reported for high-purity single-crystals as measured by

the time-of-flight (TOF) method [3]. In this technique electron-hole pairs are

generated by light absorption close to an electrode and one of both carrier

types, depending on the sign of the applied voltage, is transported through

the whole crystal towards the counter electrode, where its arrival is mon-

itored as transit time. The charge carriers in thin-film devices, however,

are generated either by the field effect or by injection. Here the misalign-
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ment of the electrode work function to the respective transport levels can

cause substantial injection barriers [4]. Furthermore, the transport in field-

effect transistors is limited by trap states at the semiconductor/insulator

interface. Especially the often used gate oxides, like silica or alumina, have

electron traps at their surfaces in the form of hydroxyl groups [5]. By sup-

pressing these interface traps and adjusting the injection barriers for both

charge carrier types, injection and transport of electrons and holes are possi-

ble [5, 6]. Thus bipolar transport is also observable in thin-film devices and

hence not limited to single-crystals. Beside accumulation and injection

the charge carriers in organic field-effect transistors (OFET) can

be generated by photo excitation. As mentioned before for the

TOF technique here both charge carrier types are generated inside

the channel and can account for the transport.

In the following we will show that by applying an aliphatic interlayer

bipolar transport in OFETs is possible with a variety of materials, including

copper-phthalocyanine (CuPc), diindenoperylene (DIP), pentacene (Pen),

6,13-bis(triisopropylsilylethynyl)-pentacene (TIPS-Pen), and α-sexithiophene

(6T), that have previously been described as p-type molecular semiconduc-

tors . Furthermore, we will discuss the influence of electrode materials for

electron and hole injection, before considering n-type molecular semiconduc-

tors. From these observations and the comparison to the transport on bare

oxides, limitations for electron and hole transport will be deduced. An im-

provement of ambipolar transport is achieved by additionally using different

source and drain materials for simultaneous electron and hole injection. In

the case of the molecular semiconductor DIP light emission from ambipolar
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OFETs was observed. Finally, the effect of illumination on charge carrier

transport will be compared. Basic differences appear for unipolar transistors

with and without passivation layer using DIP as active material which will

be discussed.

2. Experimental

Organic field-effect transistors (OFET, for cross-sectional structure see

figure 1a) were prepared on highly doped silicon wafers with 320 nm ther-

mally grown oxide. Additionally a layer of the insulating long chain alkane

tetratetracontane (TTC, C44H90, purchased from Sigma Aldrich, used as re-

ceived, chemical structure shown in figure 1d) was deposited by thermal

evaporation [7] (thickness about 10 nm) to separate the charge carrier trans-

port in the molecular semiconductor from the silicon oxide surface. The lay-

ers were smoothed by thermal annealing at 60◦C for 2 hours as shown earlier

[8]. Unfortunately TTC shows a good solubility in most organic solvents. So

spin coating of an organic semiconductor layer like poly(3-hexylthiophene) or

6,13-bis(triisopropylsilylethynyl)-pentacene (TIPS-Pen) on top of the TTC

film dissolves the TTC molecules and removes the passivation layer. Up to

now, TTC can be used as passivation layer only for evaporated semiconduc-

tors.

The semiconducting material were deposited with a film thickness of

25 nm as active layer on top of a TTC layer by thermal evaporation. The

molecular semiconductors copper-phthalocyanine (CuPc), α-sexithiophene

(6T), perfluorinated CuPc (F16CuPc, all purchased from Sigma Aldrich),

diindenoperylene (DIP, from S. Hirschmann, University of Stuttgart), and
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Buckminster fullerene C60 (purchased from Creaphys) were purified by tem-

perature gradient sublimation at least once; in contrast pentacene (Pen)

and TIPS-Pen were used as received from Sigma Aldrich. The molecular

structures are displayed in figure 1b+c. Various electrode materials (alu-

minium, silver, gold, tetracyanoquinodimethane-tetrathiafulvalene – TTF-

TCNQ) have been used to analyse transistors in top contact geometry. The

metal layers had a thickness of 50 nm and the organic metal TTF-TCNQ a

thickness of 150 nm. Furthermore FETs with two different electrode materi-

als were prepared by a parallactic shadow mask displacement technique [9]

(see figure 6a). Thereby the Al layer was evaporated at first and afterwards,

with a slight lateral shift, the TTF-TCNQ layer [10]. The whole processing

was carried out under high vacuum or under inert atmosphere. Electrical

characterization was also performed under high vacuum conditions. The

measured transfer characteristics have been analysed by the transfer length

method using various channel lengths between 50 and 150µm [7, 11].

The surface morphology of evaporated films was determined by scanning

force microscopy (SFM) in non-contact mode. Strong differences are observed

for the growth behaviour of the molecular semiconductors on top of the TTC

passivation layer. Exemplarily the surface morphology is shown in figure 2 for

a TTC film as well as for a CuPc film and a DIP film deposited on top of the

TTC layer. TTC forms a well crystallized film with a monolayer thickness

of about 6 nm, which is close to the length of the molecules [7]. While CuPc

grows only on top of the TTC islands, the DIP grains are exceeding the

individual TTC islands [8, 10]. Additionally, preferred orientations of the

CuPc grains can be seen. They are aligned perpendicular to each other. The
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growth of CuPc on TTC can be considered as some kind of ”pseudo-epitaxial”

growth [7].

3. High mobility ambipolar transport

Measured transfer characteristics of OFETs with CuPc, DIP, Pen, TIPS-

Pen, and 6T as normally ”p-type” molecular semiconductors are presented in

figure 3. For all these semiconductors electron and hole transport, i.e. bipo-

lar transport, is observed. Typical electrode materials for achieving bipolar

transport are silver or gold for CuPc and DIP, silver or aluminium for Pen

and TIPS-Pen as well as silver for 6T. If low-work function metals, like Ca or

in some cases Al, are used, even unipolar n-channel transistors can be fab-

ricated with CuPc and DIP, while the use of the organic metal TTF-TCNQ

allows for achieving unipolar p-channel FETs. These results show that TTF-

TCNQ must have a different interface behaviour than ordinary metals. Even

if the reported work function of TTF-TCNQ [12] is comparable to the values

of Au [6], TTF-TCNQ only allows for hole injection, whereas Au allows for

both electron and hole injection. The reason for this behaviour might be

related to energy level alignment of the here used top contacts together with

diffusion of the evaporated metal atoms and associated damages of the or-

ganic material [7]. By contrast, only n-channel transistors could be achieved

for the typical ”n-type” materials C60 and F16CuPc, even with TTF-TCNQ

as electrode, as shown by transfer characteristics in figure 4. As summarized

in table 1 the determined mobilities for unipolar and ambipolar transport

are largely independent of the chosen contact material [6, 7, 10].

These data clearly show that applying TTC as passivation layer allows for
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achieving high mobility bipolar charge transport in a wide variety of vacuum

deposited semiconductor films. Mobilities of up to 0.1 cm2/Vs are observed

for electrons in TIPS-Pen and DIP as well as for holes in Pen. In comparison

to other organic passivation layers, like poly(methyl methacrylate) (PMMA),

TTC has the advantage of a lower dielectric constant that reduces polarisa-

tion effects in the insulator and a higher surface energy that leads to a more

crystalline film growth [7]. The observed asymmetry between electron and

hole transport can likely be related to differences in the π−π overlap between

the lowest unoccupied molecular orbital (LUMO) and the highest occupied

molecular orbital (HOMO), respectively, of neighbouring molecules, within

the crystallites or at the grain boundaries as well as to differences in trap

densities, as for example determined for CuPc and DIP [8, 10].

The presented results allow for comparison with single-crystal transport

data from literature, which are included in Table 1. Even though ambipolar

transport has been reported for CuPc single-crystal FETs [13], the measured

hole mobilities were due to device non-idealities of extrinsic origin signifi-

cantly lower than other values reported for unipolar single-crystal devices

[14] and electron mobilities were even lower than in the thin-film devices pre-

sented here. In our DIP thin-film transistors the determined mobilities are

one order of magnitude higher than the mobilities in DIP single-crystals [15].

In these single-crystals micro cracks represent the major problem. Annealing

of Pen single-crystals leads to balanced mobilities in the same order of mag-

nitude as the hole mobility presented here [16]. The low electron mobility in

our sample may be related to lower purity of Pen in comparison to CuPc and

DIP. It has to be mentioned that the field-effect mobilities in these
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single crystal devices were determined by the single curve analy-

sis without any correction for contact resistances. For TIPS-Pen and

6T no data about ambipolar transport of single-crystals were found in the

literature.

To observe bipolar transport in F16CuPc and C60 the work function of the

electrode would have to be increased further to also allow for hole injection

[17]. The observed absence of hole transport is related to a large hole injection

barrier into the low lying HOMO level of both materials.

As an overview the energy levels of the different semiconductors used

here are summarized in figure 5. If the HOMO energy is higher than (6.1 ±

0.2) eV no hole injection occurs, as illustrated by the cartoon. Of course, the

transition between injecting and blocking contact is gradual. However, for

understanding this behaviour in detail more experiments on the nature of the

metal top contacts are necessary. To inject holes also in the materials with

high ionization potential contact materials with extremely high work function

would be necessary, as suggested for organic metals containing other charge

transfer molecules than TTF and TCNQ [12].

From the behaviour of the different semiconductors in OFETs with and

without a TTC passivation layer an estimate for the electron trap level at

bare oxide surfaces can be deduced. Therefore the energy levels for the

LUMO are shown in figure 5. If the energy of an additional state is located

within the gap of a semiconductor, this state will act as a trap (as illustrated

by the cartoon), like it is observed for electrons at bare oxide surfaces. The

density of these trap states seems to be so high that electron accumulation

exceeding 6×1012 charges per square centimetre (number of accumulated
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electrons in the here used geometry with an applied effective gate

voltage of +100 V) is still not sufficient to fill all traps and to enable

electron transport. This happens for all materials up to a LUMO energy of

(3.55 ± 0.3) eV below the vacuum level. However, for deeper lying LUMO

levels, like in C60 and F16CuPc, this state will not any more act as trap.

The variation of the insulator-semiconductor interaction has

been reported before in the literature also for molecular materials

and one bipolar example [18]. There the application of polystyrene

(PS) as insulating interlayer gave only hole transport for pentacene

in contrast to later reports showing bipolar transport in pentacene

with PS as passivation layer [19]. This shows that the transport

properties are strongly dependent on the materials and the prepa-

ration conditions. Here we suggest TTC as general passivation

layer for evaporated molecules because TTC was reported to work

perfectly also by other groups [20, 21]. Another approach in the

literature was the screening of a large variety of acene derivatives

[22]. The transport behaviour in OFETs without passivation layer

was described to vary form hole-only via ambipolar to electron-only

for changing energy levels. The observed differences of the limiting

values of the molecular energy levels for hole- and electron trans-

port (6.1 and 3.55 eV here vs. 5.6 and 3.15 ev in the reference

[22]) are related to different electrode materials (TTF-TCNQ here

vs. gold in the reference), experimental conditions (mainly work

without passivation layer in the reference), and energy level deter-

mination (here UPS and IPES data vs. cyclic voltammetry in the
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reference).

To further improve the ambipolar transport behaviour two different elec-

trodes were applied to decrease the injection barrier for electrons and holes

separately [10]. The schematic structure of such an OFET with asymmetric

(”bilayer”) electrodes is illustrated in figure 6a. Here Al and TTF-TCNQ

were used for enhanced electron and hole injection, respectively, in com-

parison to the before mentioned silver electrode. Together with the lower

injection barrier a reduction of the threshold voltages for both electrons and

holes [10] in the analysed ambipolar DIP OFET results in a significant cur-

rent increase by four orders of magnitude in the minimum of the transfer

characteristic, as shown in figure 6b.

With these higher currents light emission could easily be detected as

shown in figure 6c. By varying the gate voltage at a constant drain voltage the

spatial position of the recombination and emission zone can be shifted [23].

Due to the upright standing DIP molecules and the transition dipole moment

lying parallel to the long axis of the molecules, the emission is mainly in the

substrate plane [24, 25]. However, this is suitable as a pumping device for

organic lasers [26]. As shown in the literature, a further increase of emission

efficiency would be possible by separated electron and hole transport as well

as an additional emission layer [27].

4. Transport of light-induced charge carriers

Beside accumulation and injection, charge carriers can also be generated

by dissociation of excitons formed upon light absorption. Therefore we also

analysed the illumination effect on unipolar and ambipolar OFETs using the
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molecular semiconductor DIP. As the optical absorption of DIP is located

below a wavelength of 580 nm, a blue light-emitting diode (LED) was used

for illumination of the OFETs giving an intensity of 4.9 mW/cm2. The ex-

tinction coefficient of an evaporated DIP film and the emission spectrum

of the used blue LED are shown in figure 7.

Figure 8a shows the transfer characteristics of a unipolar transistor with

electron traps (only dichlorodimethylsilane treatment, no TTC passivation

layer) and hole-only injecting electrodes (TTF-TCNQ contacts). Illumina-

tion results mainly in a shift of the switch-on (and thus also the threshold)

voltage as widely observed in hole-transporting devices [28, 29] and in the

occurrence of a hysteresis. The transport of photo-generated electrons and

holes is realised in the ambipolar transistor by introducing a TTC layer as

shown by the transfer characteristics in figure 8b. Here a combination of Al

and TTF-TCNQ is used as electrode [10]. Both charge carrier types, either

injected or photo-generated, can be transported in this device architecture.

The change in the switch-on voltage and the current upon illumination is

marginal. Thus the number of photo-generated charge carriers is small in

comparison to the high density of accumulated charge carriers in the field-

effect device.

Unipolar transistors can be obtained in devices with a passivation layer by

choosing TTF-TCNQ as electrode material for hole-only injection and with

aluminium as electrode for electron-only injection as shown in figure 8c+d.

A small hole current can also be observed for Al electrodes, which is related

to unintentional changes (like degradation) of this device. In pristine devices

only electron injection occurs as shown before [10]. Like in the ambipolar
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transistor the effect of illumination for the injected majority charge carriers is

minor. A drastic effect, however, is visible for the charge carrier type whose

injection is blocked by the high injection barrier of the electrode, i.e. for

holes by using aluminium and for electrons by TTF-TCNQ electrodes. The

difference between the Fermi level of the electrode material and the transport

level of the blocked carrier types acts as injection barrier. Nevertheless,

charge extraction is possible leading to a current flow by photo-generated

charge carriers and a large contrast to the dark current in this transistor

regime.

The nature of exciton separation is not fully understood at the

moment. The average electric field in transport direction is less

than 0.5 MV/cm, which is not enough for field-induced dissocia-

tion and charge separation of all excitons [30]. However, bimolec-

ular processes leading to dissociation, field-enhanced dissociation

at defects or grain boundaries, and the inhomogeneous distribu-

tion of charges due to the applied gate field can play an important

role. Additionally, photo-assisted carrier injection is possible. Due

to the nontransparent top contacts the influence of this light in-

duced effect is confined to the direct contact line which is minor in

comparison to the whole channel length.

The cartoons in figure 8e-g illustrate the findings for the illumination

of OFETs. The shift in switch-on voltage upon illumination for the device

without passivation layer is related to the filling of electron traps at the oxide

surface with photo-generated electrons (figure 8e). These trapped and fixed

electrons act as interface states NIf and cause additional accumulated holes
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in the transistor channel, which results in the observed shift of the switch-on

or threshold voltage (VT) following the equation [31]

∆VT =
e ·NIf

CIns

, (1)

where e is the elementary charge and CIns the insulator capacitance. In

the case shown here, this yields a density of filled electron traps of about

1 × 1012 charges per square centimetre. This is lower than the estimate for

the trap density mentioned before, because the oxide surface is covered by

silane molecules reacting directly with the trapping OH-groups but not fully

passivating them. The passivation layer of TTC fully protects the transport

channel from electron traps.

For the bipolar device only minor changes are observed (figure 8b+f),

because the number of photo-generated charge carriers is too small in com-

parison to the injected charge carriers. There are also only minor changes

observed for the current of the injected holes (figure 8f) in the unipolar

p-channel device with passivation layer. In contrast, the photo-generated

minority charge carriers can be transported and extracted under blocking

bias as measured in figure 8c+d and illustrated in figure 8g. Thereby, the

current change due to illumination is directly related to the number of photo-

generated charge carriers.

5. Summary

An aliphatic passivation layer of the long-chain alkane molecule TTC al-

lows for high mobility ambipolar transport for a broad range of molecular
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semiconductors. The observed mobilities are widely comparable to results

reported in literature for ambipolar transport in single-crystals. Thus tran-

sistors with TTC as interlayer give the same ambipolar performance without

the need for preparing single-crystals and OFETs out of these. Our find-

ings show that the classical distinction between hole and electron conduct-

ing organic semiconductors is mostly related to the suppression of electron

transport due to electron traps at oxide surfaces for the former and the im-

possibility of hole injection into the high lying HOMO level for the latter.

Additionally the influence of illumination was analysed for unipolar and

bipolar OFETs. In the unipolar case with passivation of interface traps the

photocurrent is based on the non-injected charge carrier type and the mea-

sured current is related only to the photo-generated charge carriers. The

origin of the photo-generated charge carriers should be bulk generation by

exciton dissociation. Effects like photo-injection and detrapping by sub-gap

illumination can be ruled out due to the results with blocking contacts and

by the spectrum of the used blue LED lying in the absorption region of the

molecular semiconductor, respectively. Further experiments are necessary to

transfer this study to photo-transistors with highly absorbing organic mate-

rials and optically optimised device layout.
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Figure 1: (a) Cross-sectional structure of the organic field-effect transistor (OFET) in
bottom-gate and top-contact geometry. Chemical structure (b) of the typical p-
type semiconductors copper-phthalocyanine (CuPc), diindenoperylene (DIP),
pentacene (Pen), α-sexithiophene (6T) and 6,13-bis(triisopropylsilylethynyl)-
pentacene (TIPS-Pen), (c) of the n-type semiconductors perfluorinated CuPc
(F16CuPc) and Buckminster fullerene (C60) as well as (d) of the aliphatic
tetratetracontane (TTC) used as passivation layer.
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Figure 2: Scanning force microscopy (SFM) images of 10 nm TTC on oxidised silicon wafer
(SiO2/Si), 25 nm CuPc on TTC/SiO2/Si, and 25 nm DIP on TTC/SiO2/Si. The inset on
the image for CuPc/TTC/SiO2 is a zoom area to visualize the perpendicular
oriented CuPc grains.
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Figure 3: Transfer characteristics of thin-film transistors in the linear region built with the
molecular semiconductors copper-phthalocyanine (CuPc, Au contacts), diindenoperylene
(DIP, Ag contacts), pentacene (Pen, Al contacts), 6,13-bis(triisopropylsilylethynyl)-
pentacene (TIPS-Pen, Ag contacts), and α-sexithiophene (6T, Ag contacts) using metal
contacts for bipolar transport. The drain voltage is 2 V for CuPc, Pen, TIPS-Pen, and
6T OFETs as well as 3 V for DIP OFETs. The channel length is always 70µm.
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Table 1: Summary of bipolar field-effect mobilities determined by transfer length method
(TLM) for the evaporated organic semiconductors CuPc, DIP, Pen, TIPS-Pen, 6T,
F16CuPc, and C60 using TTC as interlayer and different electrode materials. Unipolar
electron transport was not found with the used electrode materials for Pen and TIPS-Pen.
The electron mobility in 6T could not be determine by TLM due to the high threshold
voltages, as visible in figure 3. The values in parentheses are extracted from the linear
regime of only one transistor using the standard calculation from the slope of a single
transfer curve (single curve analysis – SCA). For comparison data for ambipolar trans-
port in single-crystals reported in the literature are added [13, 15, 16]. The method to
determine the mobility is also given. TOF stands for time-of-flight measurements.

Organic semiconductor Electrode materials Hole mobility Electron mobility
[cm2/Vs] [cm2/Vs]

CuPc Ag, Au 2 × 10−2 2 × 10−2

DIP Ag, Au 2 × 10−2 1 × 10−1

Pen Al, Ag 1 × 10−1 2 × 10−2

TIPS-Pen Al, Ag 4 × 10−2 1 × 10−1

6T Ag 1 × 10−2 (1× 10−2) X (3× 10−3)

CuPc TTF-TCNQ 4 × 10−2 —
DIP TTF-TCNQ 5 × 10−2 —
Pen TTF-TCNQ 8 × 10−2 —

TIPS-Pen TTF-TCNQ 2 × 10−2 —
F16CuPc TTF-TCNQ — 2 × 10−2

C60 TTF-TCNQ — 2 × 10−1

Organic semiconductor Method Hole mobility Electron mobility

CuPc single-crystal SCA 3 × 10−1 1 × 10−3

DIP single-crystal TOF 3 × 10−3 2 × 10−2

Pen single-crystal SCA 3 × 10−1 4 × 10−1

23

Organic Electronics, 13 (2012) 1614-1622 https://doi.org/10.1016/j.orgel.2012.04.032



-100 0 100
10-11

10-9

10-7

10-5

 0 100
Gate voltage [V] 

D
ra

in
 c

ur
re

nt
 [A

] 

F16CuPc C60 

Figure 4: Transfer characteristics of thin-film transistors in the linear region built with the
molecular semiconductors perfluorinated copper phthalocyanine (F16CuPc) and Buckmin-
ster fullerene (C60) using TTF-TCNQ electrodes. The drain voltage is 2 V for F16CuPc
OFETs as well as 3 V for C60 OFETs. The channel length is always 70µm.
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Figure 5: Energy levels of the lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) for the used molecular semiconductors [32, 33, 34,
35, 36, 37]. Additionally the estimated energy levels for the electron traps due to hydroxyl
groups at oxide surfaces and the highest HOMO level where hole injection can occur from
TTF-TCNQ are shown with an error region illustrated by the coloured bars. We note
that for evaporated TIPS-Pen no data were found in the literature. The preparation of
TIPS-Pen films from solution or under ambient conditions possibly suppresses electron
transport in this material. On the other hand the LUMO level might be inaccurate as
unoccupied states are not directly accessible by most techniques. On the right-hand side
the process of electron trapping to hinder the electron transport and the suppression of
hole injection are illustrated by cartoons.
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Figure 6: (a) Structure of an ambipolar OFET containing two different electrode materials.
Additionally electron and hole paths as well as the emission of light from the recombination
zone are illustrated. (b) Comparison of the ambipolar transfer characteristic of a DIP
OFET in the saturation regime for two different electrode configurations, silver electrodes
and ”bilayer” electrodes of Al and TTF-TCNQ (drain voltage ±100 V, channel length for
Ag electrodes 70µm, for ”bilayer” electrodes 63µm). (c) Light emission from DIP OFET
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the capability to move the emission zone through the channel.
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Figure 7: Extinction coefficient of the molecular semiconductor diindenoperylene in evap-
orated thin films and spectral power of blue light-emitting diode used for illumination of
OFETs.
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Figure 8: Transfer characteristics for different OFET layouts with and without illumi-
nation: (a) hole-only transistor without passivation layer and with hole-only injecting
electrodes, (b) ambipolar transistor with passivation layer and electrodes to inject elec-
trons and holes, (c) hole-only transistor with passivation layer and hole-only injecting
electrodes, (d) electron-only transistor with passivation layer and electron-only injecting
electrodes. Schematic drawing of the illumination effect for hole-only transistors with-
out passivation layer/with interface traps (e) and with passivation layer/without interface
traps for injecting (f) and blocking biasing (g).
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