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Magnetic Field Effect in Hydrogen-Bonded Semiconductor-
Based Organic Field-Effect Transistors

Donia Saadi, Cigdem Yumusak, Ivana Zrinski, Andrei lonut Mardare,
Samir Romdhane, Niyazi Serdar Saricifici, Mihai Irimia-Vladu,

and Markus Clark Scharber*

Herein, the magnetic field effect on the source—drain current of organic
field-effect transistors with semiconductor layers made of H-bonded pigments
is studied. In all devices, an external magnetic field reduces the source—drain
current in the transistor. The magnetic field effect is independent of the direction
of the applied magnetic field. The observed increase of the magnetoresistance
seems to originate from the used semiconductor or the semiconductor—dielectric
interface and is not influenced by the nature of the gate electrodes or the
semiconductors’ deposition procedure (e.g., grain size, layer thicknesses, etc.).
As all prepared devices do have single charge carrier nature, the formation of
bipolarons is suggested to be responsible for the observed magnetic field effect.
The presented experiments demonstrate that hydrogen-bonded semiconductors
behave no different than their classical van der Waals-bonded fully conjugated

semiconductors’ counterpatts.

1. Introduction

H-bonded pigments (HBPs) have attracted a lot of attention in
recent years due to their interesting optical and electronic
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properties.'™ The main advantages of

HBPs are their simple chemistry, their
availability on large scale, and their low
costs. Quinacridone (QA) nanocrystallites,
for example, form the magenta toner often
found in inkjet printers, whereas epindoli-
dione (EPI) is currently applied as a yellow
colorant in different ink formulations.*®!
Many HBPs are of natural origin and are
based on hydrogen-bonded =-stacked
organic solids.’? Semiconducting HBPs
can be found among others in the indigo
family.'>' Also, the five-ring QA and
the four-ring EPI, the hydrogen-bonded
analogs of the well-known organic
semiconductors pentacene and tetracene,
allow the preparation of stable and well-
performing field-effect transistors, light-
emitting diodes, and even homojunction
photovoltaic cells.""'*™** The mechanism of charge transport
in HBPs is rather peculiar and rests on the existence of the hydro-
gen bond itself; due to hydrogen bonding, in the solid state, the
HBP molecules strongly interact with one another and form pig-
ment particles with markedly different optical and charge trans-
port properties compared to isolated molecules.'>*!

Up to now, not only the performance of H-bonded-based
semiconductor devices but also the stability of such devices
under operation in air, under electrical bias stress, or at various
elevated temperature exposures were reported.'”**! The goal of
the work summarized in this article was to gain a deeper under-
standing of the charge transport processes in HBPs in the pres-
ence of a magnetic field. To the best of our knowledge, there was
so far no attempt to quantify the magnetic response of HBP
semiconductors under operation in electronic devices. With this
respect, we selected here the organic field-effect transistor
(OFET) as the working horse device for our investigations.

Magnetic field effects (MFEs) in organic semiconductors have
been known for a long time.?**"! Despite the absence of mag-
netic elements, relatively small magnetic B-field strengths of only
a few millitesla can manipulate the photoluminescence, the mag-
netotransport properties, and the density of excited states in this
material class.?>*? Studying the magnetic effect gives insights
into the microscopic processes in organic semiconductors
including the interaction between species carrying spin and their
molecular environment. Several mechanisms have been dis-
cussed for the observed MFEs.[?*?*! Among the proposed mech-
anisms are the recombination of free charges and the formation
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of polaron pairs,** the intersystem crossing between singlet and
triplet states, the population of triplet states, and the interaction
between triplets or a polaron and a triplet state.?*?*! All these
processes can be manipulated by an external magnetic field.
So far, the MFE has mainly been analyzed in vertically two-
terminal devices such as light-emitting diodes and solar cells.*"
To gain a deeper understanding of microscopic processes, it is
important to study the MFE also in OFETs. These three-terminal
devices allow precise control of the charge carrier density and the
type of mobile charge carrier present in the transistor channel. In
OFETs, MFE has been observed in unipolar and ambipolar devi-
ces.”>? The source-drain current of the devices can be altered
with a magnetic field, which is often discussed in the framework
of an MFE of the resistance of the transistor channel. While
ambipolar transistors do exhibit a positive and a negative mag-
netoresistance (MR), in unipolar OFETs an external magnetic
field increases the resistance (positive MR) of the device. As
all materials including the gate used in OFETs are often made
of nonmagnetic materials, the MFE has been attributed to a
field-induced modulation of the charge carrier density and/or
to changes in the charge carrier mobility. Due to the unipolar
character of the charge transport in typical OFETS, only electrons
or holes are present in the conducting channel and no polaron
pairs or excitons can be formed. To explain the MFEs observed in
these single-carrier devices, the so-called bipolaron model has
been proposed.”’ % It relies on the spin-dependent formation
of double-occupied molecular states (bipolarons) during hopping
transport in disordered organic semiconductors. The bipolaron
formation is magnetic field dependent and results in a positive
MR. Here, we investigate the MFE on OFETSs based on the HBPs
N,N’-dimethyl quinacridone (DMQA), QA, and EPI. All investi-
gated devices show the typical characteristics of unipolar transis-
tors and no superlinear increase of Ips was observed on the
OFETs used in this study. We find a positive MR in the prepared
unipolar p-type devices. In addition, an applied magnetic field
can shift the gate voltage and reduces the hysteresis observed
in the transfer characteristic of the transistors.
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2. Experimental Section

The chemical structures of the used pigments are shown in
Figure 1a. All the examined small molecules in this study were
subjected to scrupulous purification processes, by methods
reported earlier.*"! Each of the three HBPs has been purified
by two successive temperature gradient sublimations. Bottom
gate—top contact OFETs were fabricated on borosilicate glass sub-
strates, with a channel length, L = 25 pm, and width, W =2 mm.
The OFET design is shown in Figure 1b.%% The top surface of the
aluminum gate electrode (=80 nm thickness) was electrochemi-
cally and superficially anodized to Al,O3 by a method reported
earlier to form about 18 nm-thick aluminum oxide layer.[**>**
To investigate the role of the gate material, also Hf/HfO, gate
structures were prepared. Hafnium films with a thickness of
85 nm were deposited on borosilicate glass substrates by magne-
tron sputtering. For this purpose, a high-purity target (99.9%
metals basis excluding Zr) with a diameter of 50 mm was used
in an ultrahigh vacuum system (Mantis Deposition, UK) with a
base pressure in the range of 107 Pa. The sputtering process
was performed in direct current mode using a power of 49 W
with a deposition rate of 2.3 nm min~". The deposition by sput-
tering of Hf and Hf-based layers represents an excellent tech-
nique for the production of high-quality metallic thin film
electrodes for a variety of applications.*>=”! Immediately after
deposition, the Hf gate films were transferred by a robotic
arm without breaking the vacuum into a self-developed scanning
energy dispersive X-ray spectroscopy (EDX) system attached to
the same vacuum chamber cluster. The system was designed
for thin and ultrathin film analysis by removing the final electron
aperture of the electron gun, allowing illumination spots of
0.5 mm in diameter. This extremely large area of electron irradi-
ation (compared to commercially available systems where nm? is
analyzed) leads to an increased photon signal/noise ratio dramat-
ically improving the possibilities of compositional analysis in
films. Additionally, X-ray photoelectron spectroscopy (XPS)
was used for the surface analysis of the gate oxides and for
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Figure 1. a) Chemical structure of the N,N’-dimethyl quinacridone (5,12-dimethylquinolino[2,3-b]acridine-7,14-dione (DMQA), QA, and EPI; b) OFETs
device geometry in the bottom gate—top contact configuration of our laboratory.
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confirming the EDX results. The gate Hf thin film was electro-
chemically anodized to HfO, under ambient conditions to form
about 16-20nm of the gate oxide, similar to previous stud-
ies.?®3% Anodic oxide was grown potentiodynamically in citrate
buffer electrolyte which was prepared according to standard pro-
tocols.*” Cyclic voltammograms were recorded for samples by
increasing the potential to 8 V (relative to the standard hydrogen
electrode [SHE]) and then back to 0 V. We used in this process a
potentiostat (CompactStat Ivium, The Netherlands) connected to
a three-electrode cell in which 0.5 mm-thick graphite foil served
as the counter electrode, Hg/Hg,SO,/sat. K,SO, electrode (0V
vs Hg/Hg,SO, = 0.640 V vs SHE) was used as the reference elec-
trode and Hf film served as the working electrode. If not men-
tioned otherwise, a 20nm of aliphatic tetratetracontane (TTC)
capping layer was vacuum deposited on top of the aluminum
oxide layer at a deposition rate between 0.7 and 1 As™" in a phys-
ical vapor deposition (PVD) system, followed by in situ annealing
for 30 min at 65 °C in a vacuum before the semiconductor depo-
sition that was performed without interrupting the vacuum. As
an alternative interfacial material beeswax was applied as a hydro-
phobic capping layer, ~12 nm of this material was doctor bladed
from 2 mgmL~" solution in chloroform.*"

The three HBP semiconductors (schematically displayed in
Figure 1a) were deposited by thermal evaporation at a pressure
of 1 x 10~ mbar with a deposition rate of either 0.1-0.2 As™*
(slow) or 4-5 A s™" (fast). The samples were directly transferred
from the vacuum chamber to a nitrogen-filled glove box (with
levels of O,, and H,0 below 0.1 ppm) where gold (Au) source
and drain electrodes were deposited on the channel via physical
vapor deposition. For the MR measurements, the specimen was
placed on a sample holder and fixed between the poles of an elec-
tromagnet. The wires were bonded to the electrodes with small
pieces of indium and they were connected to a probe station. A
magnetic field was applied parallel and perpendicular to the
direction of the OFET current, with the OFET being placed in
three alternative positions, as presented in Figure 2. The current—
voltage measurements were measured using Agilent
EasyEXPERT program when the magnetic field was varied
between 0 and 1T. All the measurements were performed in
the dark and at room temperature (=293 K).

3. Results and Discussion

Figure 3a shows a typical transfer characteristic of an OFET with
a DMQA semiconductor layer and aluminum/aluminum oxide

(a) (b) .
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(Al/AlO,) coated with a TTC as the gate dielectric layers. The
black line represents the transfer characteristic when no mag-
netic field is applied. In red the transfer characteristic of the same
transistor is shown when an external magnetic B-field strength of
1 Tesla is applied. The external magnetic field reduces the
source—drain current for a wide range of gate voltages. In
Figure 3b, the output characteristics recorded at different gate
voltages either without or with an external magnetic field are
shown: solid color lines indicate when the magnetic field is
not present and dashed color lines show the output characteris-
tics when 1 T of the external magnetic field is applied with keep-
ing parity color for without/with a magnetic field. In the presence
of a magnetic field, Ips is reduced significantly, as shown in
Figure 3b. To test the effect of the direction of the magnetic field
on source—drain (Ips) current, the OFET transistors were
mounted in three different orientations in the used electromag-
net (Figure 2). For all investigated devices, we could not find any
influence of the magnetic field direction on the MFE. Figure 3c
shows the change of the MR ratio measured with Vg = —8 V and
Vps = —5V. MR is calculated using

MR(B) = R(B) — R(0) (1)
R(0)

where R is the resistance of the transistor channel with and

without a magnetic field. MR increases quickly at low magnetic

fields and saturates at higher fields.

Figure 3d shows the MR at different gate voltages, at a
constant source—drain voltage, and at different external magnetic
fields. The MR is largest at low gate voltages and decreases with
decreasing Vi

We also prepared transistors in the standard layout using EPI
and unsubstituted QA as semiconductor materials. Both materi-
als have been used successfully in stable and well-performing
OFETs.12171819321 1 Figure 4, the transfer and output charac-
teristics and the MR of an EPI-based OFET recorded at a constant
source—drain voltage and different gate voltages are shown.

In Figure 5, the findings for the QA-based OFET are
summarized.

To examine possible influences on the magnetic response of
the OFETs, we proceeded to investigate the role of the gate
material, the interfacial coating of the gate oxide, and the growth
conditions of the semiconductor layer. The following transistors
based on DMQA were considered for MR effect: a) transistors with
a Hf/HfO, gate coated with tetratetracontane; b) transistors with
an Al/AlO, gate coated with a thin layer of beeswax; and

(©) s

Figure 2. Schematic 3D view of the positions of the device between the poles of an electromagnet: a) first position when the magnetic B-field strength is
parallel to the direction of the current flow of the device, from source to drain; b,c) second and third positions, respectively, when the magnetic B-field

strength is perpendicular to the source—drain direction of current flow.
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Figure 3. a) AlO,-gated OFET based on DMQA (deposition rate: 0.1-0.2 A's ") transfer characteristics at fixed Vps = —5 V; b) output characteristics with
(dashed line) /without (solid line) magnetic field; c) MR plotted as a function of magnetic B-field strength measured at Vs = —8 Vand Vps = =5 V; d) MR

plotted as a function of V,s at Vps=—5V at B=50, 500, and 1000 mT.

¢) transistors with an Al/AlO, gate coated with tetratetracontane,
but DMQA layer was deposited at a faster rate (4-5As™).

All the devices showed similar behavior in an external
magnetic field compared to the standard transistors discussed
before (see Figure 1-3). This suggests that the observed MFE
is related to the semiconductor material and is not originating
from the gate dielectric. In addition, we looked into the compo-
sition of the gate/oxide films, as well as the borosilicate glass sub-
strate, to rule out the presence of magnetic species in the layers
below the semiconductor. Both EDX and XPS analysis indicated
that only pure metals/oxides are present in the films. Apart from
the pure metals, Si, O, and small amounts of Ca and Na native to
the borosilicate glass were identified. All the above investigations
showed unequivocally that the MFE observed in the HBP-based
OFETs originates either from the semiconductors themselves, or
from the interface of the semiconductors to the dielectric.

In addition, it is worth pointing out that all the presented tran-
sistors do not exhibit a sensitivity to the magnetic field direction
(i.e., orientation). With this respect, we obtained strikingly
similar OFET curves for each of the three semiconductors, irre-
spective of the orientation of the test samples between the poles
of the magnet (shown schematically in Figure 2). In Figure S4,
Supporting Information, the transfer characteristics of a DMQA-
based transistor, measured at three different magnetic field
directions, are shown. For EPI and QA, very similar behaviors
were observed. Applying an external magnetic field reduces

Phys. Status Solidi A 2023, 2200821 2200821 (4 of 7)

the source—drain current, leading to an increase in the MR ratio.
As all measurements are performed in the dark; only one type of
mobile charge carrier is present in the device. In the absence
of any photoexcited species including triplet exciton, only the
so-called bipolaron mechanism has been proposed to explain
the effect of an external magnetic field on the current in a semi-
conductor. A bipolaron is a (quasi)particle consisting of two
equally charged polarons—either two electrons or two holes—
on the same molecular site. They can only be formed in the sin-
glet state because the triplet state is much higher in energy and
has, therefore, a very small formation rate.***3! The bipolaron
model describes a situation where a charge carrier is quasista-
tionary trapped at an energetically low-lying state. A nearby free
carrier, which would normally contribute to the source to drain
(Ips) current, has to pass over this site by—at least as a temporary
intermediate state—forming a doubly occupied site, that is, a
bipolaron. The spins of two polarons that meet each other are
random, so their spin configuration can be either a singlet or
a triplet. In the latter case, bipolaron formation is not possible
and the current flow through the semiconductor is blocked.
However, local magnetic fields will mix their spin configuration,
allowing polarons that are initially triplets to form a bipolaron in
the singlet configuration. An external magnetic field lifts the
degeneracy of the three triplet states and the T~ and T triplets
can no longer mix with the singlet. This means that an external
magnetic field leads to a lower current as fewer triplet polaron
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Figure 4. a) Transfer characteristics of AlO,-OFET with an EPI semiconductor at fixed Vps = —5 V recorded with no magnetic B-field strength (black) and
1T (red) applied; b) output characteristics in (solid line) recorded with no magnetic B-field strength and 1T (dashed line) are applied; c) MR plotted as a

function of Vg at Vps = —8V extracted from (b).

pairs can be converted into singlet bipolarons. Thus, the bipo-
laron mechanism gives rise to a magnetic field dependence of
the charge carrier mobility and leads, in this case, to a positive
MR (e.g., a decrease of the measured Ipg current, a fact that is
consistently observed throughout this work). As the external
magnetic field determines the spin polarization of the charge
carriers in the semiconductor, it also determines the formation
of polaron pairs. The orientation of the transistor or the direction
of the transistor current with respect to the external magnetic
field plays no role in the discussed bipolaron mechanism, which
is in good agreement with our experimental findings.

Assuming that the bipolaron mechanism is dominant in the
investigated field-effect transistors, MR is a measure of the defect
density in the semiconductor material. Large changes in the MR
suggest a large number of defects in the semiconductor leading
to a larger number of trapped carriers and a higher probability
that a mobile charge carrier is blocked via the bipolaron mecha-
nism. The MFE could also show a gate bias dependence. At high
charge carrier densities in the semiconductor, all trap states are
filled. A further increase in the charge carrier concentration by
increasing the gate bias will not lead to additional trapped polar-
ons required for the bipolaron mechanism and the relative effect
of the magnetic field on the current is reduced (see Figure 3d, 4d,
and 5d). This is indeed what we have observed in all our experi-
ments: increasing the gate bias reduces the MR in all studied
devices.

Phys. Status Solidi A 2023, 2200821 2200821 (5 of 7)

The change of threshold voltage and the reduction of the
transfer characteristic hysteresis observed, e.g., for DMQA-based
transistors (Figure 3) are not fully understood. In line with our
finding, Street et al.l** proposed that the formation of bipolarons
can also affect the hysteresis of OFETSs. Bipolarons are often
formed at trapping sites, and their slow trapping and detrapping
lead to the observed hysteresis and electrostatic changes at the
gate electrode. As discussed above, an applied magnetic field
reduces the probability of bipolaron formation and should there-
fore reduce the hysteresis of the OFET transfer characteristic.

In the literature, MR in molecular systems with very different
amplitude has been reported.””*>*¢) At the moment it is not fully
understood why some systems exhibit MR changes in the range
of 1%,””) while other systems show MR changes exceeding
1000%.*”" An important theoretical observation is provided by
Kersten et al.*®! The authors find that inter- and intrachain trans-
port plays an important role. In addition, traps are believed to
influence the MR of a system. These findings suggest that not
only the molecular structure but also the device manufacturing
affect the behavior of an OFET in an external magnetic field.

4. Conclusion
We have studied the MFE on the source—drain current of OFETs
based on the HBPs N,N’-dimethyl quinacridone, EPI, and QA. In
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Figure 5. a) Transfer characteristics of an OFET based on QA, operating in a voltage window of —8 V at an applied Vps of —5 V; b) output characteristics
with/without magnetic field; c) MR plotted as a function of magnetic B-field strength when Vs = —8V, V4, = —5V; d) MR plotted as a function of Vg (V),
at different applied magnetic B-field strength B =50, 500, and 1000 mT at Vps = —5V.

all devices, an external magnetic field reduces the source-drain
current in the transistors. The MFE is independent of the direc-
tion of the applied magnetic field. In line with the observations of
the scientific community, the formation of bipolarons is sug-
gested to be responsible for the observed MFE and it may also
explain the reduced hysteresis and threshold voltage shift
observed in some of the prepared transistors. Our work demon-
strates that hydrogen-bonded semiconductors behave no differ-
ent than their counterparts, the classic, van der Waals-bonded
semiconductors, when subjected to a magnetic field in OFET
devices. Also, the observed magnetic response of all the investi-
gated OFETs seems to originate from the semiconductors or
semiconductors to dielectric(s) interface and is not influenced
by the nature of the gate electrodes.
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