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O
rganic semiconductors provide a
route to revolutionary changes in
many areas of device technology

with their unique electronic properties
and functionalities, which can be easily
tailored by chemical synthesis and molecu-
lar engineering.1�5 Among the most intri-
guing properties are the magnetic field
effects (MFEs) of organic semiconductors.6,7

Although the fundamental mechanisms of
MFEs are not yet fully understood, the MFEs
offer an innovative means to develop new
organic-based devices and provide a novel
experimental platform to improve the un-
derstanding of dynamic processes of charge
carrier transport in organic materials.6�10

The full utilization of organic MFEs in device
applications is contingent on the ability to
tune the MFEs, preferably by a simple man-
ufacturable process. To date, this has been

achieved by making significant structural
alterations to devices such as adding a
thick insulating layer, varying organic layer
thickness, blending materials, or invasive
annealing, which can limit the reliable, high
volume, yet low-cost device production
capability.11�15 In this report, we demon-
strate for the first time that self-assembled
monolayers (SAMs) can also be used in
tuning MFEs. We present a simple method
to change MFEs in a reliable fashion by
using fluorinated SAMs to modify interfacial
properties.
Several reports show that the interfaces

between two different materials such as
metal/organic, dielectric/organic, and organic/
organic play a critical role in determining the
performance and operation of organic-based
devices by controlling charge carrier injection
and transportmechanisms.16�18 The insertion
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ABSTRACT Organic semiconductors hold immense promise for

the development of a wide range of innovative devices with their

excellent electronic and manufacturing characteristics. Of particular

interest are nonmagnetic organic semiconductors that show unusual

magnetic field effects (MFEs) at small subtesla field strength that can

result in substantial changes in their optoelectronic and electronic

properties. These unique phenomena provide a tremendous oppor-

tunity to significantly impact the functionality of organic-based

devices and may enable disruptive electronic and spintronic technologies. Here, we present an approach to vary the MFEs on the electrical resistance of

organic-based systems in a simple yet reliable fashion. We experimentally modify the interfacial characteristics by adding a self-assembled monolayer

between the metal electrode and the organic semiconductor, thus enabling the tuning of competing MFE mechanisms coexisting in organic

semiconductors. This approach offers a robust method for tuning the magnitude and sign of magnetoresistance in organic semiconductors without

compromising the ease of processing.

KEYWORDS: organic semiconductors . magnetic field effects . magnetoresistance . interface engineering .
molecular self-assembled monolayers

A
RTIC

LE



JANG ET AL. VOL. 8 ’ NO. 7 ’ 7192–7201 ’ 2014

www.acsnano.org

7193

of a SAM between an electrode and an organic semi-
conductor has long been used to manipulate inter-
facial properties.19,20 SAMs are molecular assemblies,
formed spontaneously on an inorganic solid surface by
chemisorption of molecular constituents in solution or
gas phase, and they are known to offer simple fabrica-
tion processes for the interface and surface modifica-
tion of organic-based systems.19�22 Exploiting this
unique characteristic of SAMs, we developed a novel
method of altering the MFE on electrical resistance of
organic-based devices by simply inserting a SAM be-
tween a metal electrode and an organic semiconduc-
tor. The MFE on electrical resistance of organic semi-
conductors, namely, organic magnetoresistance (MR),
was first found in an organic light-emitting diode
(OLED)made of electron- and hole-transporting bilayer
structure.7,9,10 We built a similar bilayer system com-
posed of Alq3 [tris(8-hydroxyquinoline)aluminum] and
TPD [N,N0-bis(3-methylphenyl)-N,N0-diphenylbenzidine],
and we treated a metal electrode, Au with fluorinated
SAM (heptadecafluoro-1-decanethiol [CF3(CF2)7(CH2)2SH]
or F-SAM) to alter theMFEmechanisms in the system.We
show that the F-SAM treatment switches the polarity of

MR in a low bias voltage regime, and this further leads to
the realization of the variableMR operated by an external
bias voltage. In order to develop a detailed understanding
of how the interfacial modification by the F-SAM affects
the MFE mechanisms, we carried out a series of physical
and electrical measurements of the TPD/Alq3 bilayer
systemsaswell as singleAlq3 layer structures.Wepropose
that enhanced charge trapping and accumulation at
interfaces induced by the insertion of F-SAM is the main
source for the changes in MFE mechanisms resulting in a
sign reversal of MR.

RESULTS AND DISCUSSION

Our TPD/Alq3 bilayer system is schematically illu-
strated in Figure 1a along with the electrical and
magnetic measurement geometry in the inset of
Figure 1b. Two different types of devices, one without
and the other with an F-SAMbetween the Au electrode
and the TPD layer, were constructed to clarify the effect
of interfacial modification by F-SAM on the MR. Details
of the fabrication process are documented in the
Experimental Methods. Alq3 and TPD are widely stu-
died materials that are used for organic electronic and

Figure 1. Device structure and electrical characteristics of the Au/TPD/Alq3/Ca system. (a) Illustration of Au/TPD/Alq3/Ca
device structure with fluorinated-SAM (F-SAM) treatment and the molecular structure of F-SAM (heptadecafluoro-1-
decanethiol [CF3(CF2)7(CH2)2SH]). (b) Inset: illustration of the electrical and magnetic field measurements setups. Current
density�bias voltage (J�V) plots of the systems; black open circles correspond to the device with F-SAM, and red filled
squares represent the device without F-SAM. (c) Illustration of current rectification in the system with simplified band
diagrams at negative (top image) and positive (bottom) bias voltages.
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optoelectronic applications serving as electron- (Alq3)
and hole (TPD)-transporting layers.9,23,24 Current den-
sity�voltage (J�V) curves of the Au/TPD/Alq3/Ca de-
vices (without and with an F-SAM) display current
rectifying behaviors, as shown in Figure 1b, which
are common in OLED structures.23,24 This is because
efficient charge injection into (or collection from)
organic layers was ensured by Au (hole-injecting) and
Ca (electron-injecting) electrodes as illustrated in
Figure 1c with simplified band diagrams.4,5,16,23 Ultra-
violet photoelectron spectroscopy (UPS) data indicate
that F-SAM treatment raises the work function of Au
by ≈0.5 eV, which may produce more efficient hole
injection (see Figure S3, Supporting Information).4,23,24

Figure 2a displays the MR curves measured on the
Au/TPD/Alq3/Ca system without an F-SAM under two
different constant bias voltages. Even though both
graphs show the reduction of electrical resistance
under the increase of an external magnetic field
(negative MR or �MR), their shape is quite different
at low (3 V) and high (8 V) bias voltages. In the low bias
voltage regime (<5 V), the MR curves were well fit
with the empirical non-Lorentzianmodel, B2/(B0þ |B|)2,

where B is the applied magnetic field and B0 has been
suggested to be related to the hyperfine field strength
(see Supporting Information).7,25 However, the MR
curves in the higher voltage regime cannot be well fit
with the same model, especially at higher magnetic
fields. This implies that at least two different MFE
mechanisms contribute to the MR in our TPD/Alq3
systems, depending on the magnitude of bias voltage
and magnetic field; one MFE mechanism dominates at
low bias voltages over the whole magnetic field range
investigated here (up to ≈100 mT), and then another
becomes stronger as a bias voltage increases, even at a
lowermagnetic field. The highmagnetic field response
appears to be proportional to the square root of B.
Similar high field

√
B behavior was previously observed

in the MR of other organic systems, but its origin is
debated.13,26,27 In addition, the high field

√
B behavior

was observed in MR of strongly disordered inorganic
electronic systems due to the delocalization of charge
carriers28 and also in the chemical reaction change
induced by the difference in gyromagnetic factors
(g-factors) of electron�hole radical pairs.29 We will
further discuss its physical origin later in this report.

Figure 2. Magnetoresistance of the Au/TPD/Alq3/Ca structures with and without F-SAM treatment on Au. (a) Magneto-
resistance plots of the deviceswithout F-SAMmeasured at room temperaturewith a bias voltage of 3.0 and 8.0 V (black lines).
(b) Magnetoresistance plots of the devices with an F-SAMmeasured at room temperature with a bias voltage of 2.3, 3.0, 4.0,
and 6.5 V (black lines). All the data were fitted with a combined model of empirical non-Lorentzian and

√
B dependence (red

lines). (c) Bias voltage dependence of magnetoresistance of the devices with (black open circles) and without (red filled
squares) F-SAM.
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By taking the
√
B dependence into account, we were

able to fit the MR data with a combined model, a0 �
B2/(B0þ |B|)2þ b0� (|B|/B1)

0.5, as illustrated in Figure 2a,
where a0 and b0 can be considered as weighted coeffi-
cients representing the relative contributions between
the two different mechanisms inducing the organic MR
and B1 is a constant representing the strength of source
causing

√
B behavior.

When an F-SAM was inserted between the Au elec-
trode and the TPD layer, the behavior of MR became
much more intriguing as shown in Figure 2b; we
have engineered the devices such that they have a
variable MR polarity regulated by an external bias
voltage. This remarkable bias-voltage-controlled MR
polarity was enabled due to a sign reversal of MR in a
lower bias voltage regime with respect to the system
without an F-SAM. While the MR of these devices is
tunable via the dramatic voltage dependence, all
the data are well-described by the combined non-
Lorentzian and

√
B dependence model. The voltage

dependence of MR of both TPD/Alq3 systems without
and with an F-SAM is summarized in Figure 2c.
Impedance and low-frequency ac capacitance�

voltage (C�V) spectroscopies are powerful tools for

characterizing the electrical properties ofmaterials and
their interfaces, and they have been extensively used
for analyzing the charge carrier injection and transport
of OLED structures.30�34 These spectroscopies pro-
vided us a better understanding of the changes in-
duced in the electrical properties of our TPD/Alq3
systems when an F-SAM was inserted. The equivalent
circuit of a typical OLED structure can be described by a
parallel resistor�capacitor (RP�CP) circuit in series with
a resistor (RS), as illustrated in the inset of Figure 3c.30,31

The RS represents the contribution of the electrodes'
contact resistance to the organic layer.30,31 In a simple
system having both RP and CP independent of the
frequency, the Cole�Cole plot, which describes
the relation between the real and imaginary parts of
the impedance of the system at a given bias voltage,
should display a semicircle in its shape.30,31 We mea-
sured the impedance of devices with and without an
F-SAM in the frequency range of 20Hz through 200 kHz
at various bias voltages and found that the Cole�Cole
plots of both devices show generally semicircular
patterns as described in Figure 3a,b. However, the
device containing an F-SAM shows a slight deviation
from the semicircle tailing out in the low-frequency

Figure 3. Impedance and capacitance�voltage spectroscopy results of the Au/TPD/Alq3/Ca structures with and without
F-SAM. Cole�Cole plots of the device (a) without F-SAM and (b) with F-SAM at various bias voltages, and the regimes of red
rectangles display a slight deviation off a semicircle in the system with F-SAM. (c) Inset: illustration of a parallel
resistor�capacitor (RP�CP) circuit in series with a resistor (RS). The normalized capacitance (CP/C0) versus bias voltage of
the systems with F-SAM (open black circles) and without F-SAM (filled red squares) measured at 107 Hz at room temperature.
C0 was ≈12 pF for the system with F-SAM and ≈13 pF for the one without F-SAM.
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range (from 20 to≈200 Hz; right side of the semicircle).
This low-frequency tail indicates that there may be
interfacial polarization in addition to the bulk dielectric
response from organic materials to the bias voltage.30

Low-frequency C�V spectroscopy provided further
in-depth analysis of charge carrier injection and trans-
port in our devices.31�35 Figure 3c shows the normal-
ized capacitance of the devices with and without an
F-SAM at the frequency of 107 Hz. The capacitance of
the device without an F-SAM is constant at low bias
voltages, then shows a small increase followed by rapid
decrease at higher voltage. The flat regime of the C�V

spectroscopy is typical and represents the geometrical
capacitance, C0, which is directly related to the di-
electric properties of the organic materials in the
devices.30�33 As the forward bias voltage increases,
the injection of charge is initially dominated by
majority carriers, and then the rapid drop of the
capacitance follows when the injection of the minority
carriers becomes significant.30�33 This decrease of the
capacitance can be attributed to the delayed response
of space charges to the ac voltage.36,37 The slight in-
crease in the capacitance right before the sudden
decrease implies the accumulation and trapping of
charge carriers at an energetic barrier formed inside
of the device.31�33 This energetic barrier is most likely

located at the TPD/Alq3 interface due to slight band
misalignment between TPD and Alq3.

33

The device with an F-SAM shows a more complex
behavior (black open circles, Figure 3c); it displays two
pronounced capacitance humps, indicating two differ-
ent regions in the device that contain a stronger
energetic barrier inducing charge carrier accumulation
and trapping.31�33

In order to elucidate the origin of charge accumula-
tion observed as a capacitance hump and its role on
the change of MR, we investigated simpler structures
made of a single Alq3 layer. The structures are sche-
matically described in the inset of Figure 4a. Figure 4a
shows the J�V curves of Au/Alq3/Ca devices, one with
an F-SAM between Au and Alq3 and the other without
it. Although both devices display similar diode-like
characteristics (since the electrodes are engineered
for this current rectification behavior as explained
earlier), we observed contrasting MR behaviors under
constant applied voltages as illustrated in Figure 4b;
when an F-SAM was inserted between the Au elec-
trode and the Alq3, the sign of MR was reversed from
negative to positive, where a positive MR (þMR)
represents an increased electrical resistance under
the increase of an external magnetic field. Both nega-
tive and positive MR curves that are not as complex as

Figure 4. Electrical andmagnetoresistance characteristics of the Au/Alq3/Ca structureswith andwithout F-SAM treatment on
Au. (a) Inset: illustration of the device structure along with electrical and magnetic field measurements setups. Current
density�bias voltage (J�V) plots of the systems. (b) Magnetoresistance plots of the devicesmeasuredwith J≈ 145 μA/cm2 at
room temperature and fit with empirical non-Lorentzian model (blue lines). (c) Bias voltage dependence of magneto-
resistance of the devices. In all the plots, black open circles correspond to the device with F-SAM and red filled squares
represent the device without F-SAM.
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those obtained in the TPD/Alq3 samples and were fit
well with a simple non-Lorentzian model at all bias
voltages that we used. TheMR sign of both Alq3 systems
without (�MR) andwith an F-SAM(þMR) didnot reverse
over the entire bias voltage range investigated. The
voltage dependence of MR is summarized in Figure 4c.
Impedance and low-frequency C�V spectroscopy

studies revealed further details of the charge carrier
transport in the Au/Alq3/Ca devices with and without
an F-SAM. Similar to the Au/TPD/Alq3/Ca systems, the
Cole�Cole plot for the Au/Alq3/Ca devices forms a
semicircle as shown in Figure 5a. A small deviation in
the low-frequency range occurs when an F-SAM was
added between the Au and Alq3 (Figure 5b), implying
the existence of an interfacial polarization in the
system asmentioned earlier.30 The Au/Alq3/Ca systems
without and with an F-SAM also display a difference in
the low-frequency C�V spectroscopy as illustrated in
Figure 5c; the C�V curves of both systems have an
initial flat region owing to the geometrical capacitance
followed by a sudden decrease of the capacitance at
higher bias voltage, but only the systemwith an F-SAM
displayed an increase in capacitance immediately be-
fore the high bias capacitance drop, indicating the
accumulation of charge carriers at an energetic barrier
formed inside of the device as explained earlier.31�33 It

is reasonable to envision that this energetic barrier is
located at the interface between the Au and the Alq3
where the F-SAM was inserted.16

SAMs are known to affect electronic properties in
complex ways owing to their ability to change not only
the electrostatic environment at critical interfaces
but also the electronic structure through subtle mod-
ifications to film microstructure.18�24 To gain further
insights into how and why the insertion of F-SAM
causes the charge carrier trapping and accumulation,
we investigated the structural properties of Alq3 thin
films deposited on 100 nm thick Au layers with and
without F-SAM surface treatment. First, in order to
investigate the details of the thin film growth, we
prepared the samples with two different thicknesses,
10 and 100 nm, of Alq3 (see Experimental Methods).
Figure 6b,e shows atomic force microscopy (AFM)
images of 10 nm thick Alq3 thin films on Au layers:
one without and the other with an F-SAM. There is a
stark difference in the topography of these two sam-
ples; without F-SAM treatment, the Alq3 uniformly
covers the entire Au area producing an almost feature-
less morphology. In contrast, in samples with F-SAM
treatment, the Alq3 congregates into smaller areas due
to spinodal dewetting,38 showing a pattern of corruga-
tion and islands. This noticeable topographical

Figure 5. Impedance and capacitance�voltage spectroscopy results of theAu/Alq3/Ca structureswith andwithout F-SAM. (a)
Cole�Cole plots of the devicewithout F-SAMat various bias voltages. (b) Cole�Cole plots of the devicewith F-SAMat various bias
voltages, and the regimes of red rectangles display a slight deviation off a semicircle in the system with F-SAM. (c) Normalized
capacitance (CP/C0) versus bias voltage of the systems with F-SAM (open black circles) and without F-SAM (filled red squares)
measured at 107 Hz at room temperature. C0 was ≈16 pF for the system with F-SAM and ≈6 pF for the one without F-SAM.
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difference between the two films likely results from the
change in surficial characteristics of Au after F-SAM
treatment. Ten nanometer thick TPD films on Au
with F-SAM treatment also displayed much rougher
topographical features than those without an F-SAM
(Figure S4). Water contact angle measurements on the
two different surfaces (Au layers with andwithout F-SAM
treatment) confirmed the distinct difference in surficial
characteristics, as shown in Figure 6a,d, indicating that
the F-SAM treatment made the Au surface hydro-
phobic.39 In contrast to the 10 nm thick Alq3 films,
when the thickness of the films increases to 100 nm,
the morphological difference in topography disap-
pears, as illustrated in Figure 6c,f; Alq3 covered the
Au film quite uniformly in both of these thick samples,
suggesting that the Alq3 morphology change by
F-SAM treatment is strong only near the interface.18

In addition, the X-ray diffraction (XRD) data display no
substantial difference between the bulk crystalline
structures of 100 nm thick Alq3 films deposited on
hydrophilic and hydrophobic Au surfaces; the films on
both surfaces are either amorphous or composed of
small crystals with random orientation (Figure S5). Since
the diffraction measurement is the bulk average scatter-
ing, the data suggest that the interfacial effect on the film
quickly diminishes after the first few nanometers. Thus,
physical characterization indicates that a distinct mor-
phology change occurs in the Alq3 layer of our devices
onlynear theF-SAM-treatedAuelectrodeas compared to
the untreated electrode. On the basis of our physical
characterization results, we believe that disordered grain
boundaries caused by distinct morphology changes in
the organic layer (Alq3 for the Alq3-only devices and TPD
for the TPD/Alq3 devices) near the F-SAM-treated Au
electrode is the main source for the carrier accumulation
observed in the capacitance measurements.40,41

To further support our interpretation, we also inves-
tigated the Au/Alq3/Ca system with the treatment
of a different SAM, 16 mercaptohexadecanoic acid
(HS(CH2)15CO2H or MHA). Unlike F-SAM, MHA on
Au is known to provide a very hydrophilic surface

(Figure S6a).42,43 AFM measurements of a 10 nm thick
Alq3 thin film deposited on MHA-treated Au showed
that the surface of Alq3 is as smooth and uniform as
that of Alq3 directly on Au (Figure S6b). Magnetic field
electrical measurements revealed that the Au/MHA/
Alq3/Ca system showed negative MR curves similar to
the ones of the Au/Alq3/Ca system, being well fit with
non-Lorentzian model (Figure S6c). These data further
confirm our findings that the observed alteration of
organic MR is induced by the interfacial morphology
change due to F-SAM treatment.
There are several theoretical proposals to explain the

underlying physical mechanism causing organic MR
including electron�hole pair, triplet�polaron interac-
tion, and bipolaron models.7,11�13,44�46 It has been
suggested that the dominant mechanism(s) can vary
depending on the choice of organic materials, operat-
ing conditions, and device structures7,12 which may be
the reason that there is no consensus on the funda-
mental physical mechanism. On the basis of our ex-
perimental observations, we conclude that the most
likely dominant physical mechanism causing organic
MR in our Au/Alq3/Ca systems is the triplet�polaron
interaction mechanism.44,47 Triplet excitons reportedly
have a much longer lifetime than their singlet counter-
parts, and thus their population in organic semiconduc-
tors has a strong influence on the electric current.7,44,48 It
has previously been shown that the triplets can interact
with charge carriers in the following manner:44,47

TþDT (T 3 3 3D) f Dþ S (1)

where T is the triplet state, D is the charge carrier,
(T 3 3 3D) is a pair state, and S is the singlet state.
Equation1 indicates that the triplet populationmayaffect
the electric current in opposite ways: when the scenario
on the left side occurs, a larger triplet population can
decrease the electric current because it induces more
triplet charge carrier scattering, thus reducing charge
carrier mobility. In contrast, when the situation corre-
sponds to the right side, a larger triplet population can
increase the electric current because triplets can be

Figure 6. Water contact angle measurements and AFM data of Alq3 thin films on untreated and treated Au with F-SAM. (a)
Captured image forwater contact anglemeasurements on untreatedAu surface, and themeasured contact anglewas 54( 3�
(hydrophilic). (b) AFM data of ≈10 nm thick Alq3 on untreated Au. Average roughness (Ra) was ≈0.7 nm. (c) AFM data
of ≈100 nm thick Alq3 on untreated Au. Ra was ≈0.35 nm. (d) Captured image for water contact angle measurements on
F-SAM-treated Au surface, and the measured contact angle was 114( 3� (hydrophobic). (e) AFM data of 10 nm thick Alq3 on
F-SAM-treated Au. Ra was ≈3.9 nm. (f) AFM data of 100 nm thick Alq3 on F-SAM-treated Au. Ra was ≈0.45 nm.
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quenched by trapped charges and dissociated into sec-
ondary charge carriers contributing to the electric current
especially near the electrodes.15,44,47 The triplet population
can vary as a result of applying an external magnetic field;
without an external magnetic field, singlet precursor pairs
can intermixwithentire tripletprecursor states, T�1, T0, and
T1, through the intersystem crossing mainly due to ran-
dom hyperfine field, but when an external magnetic field
is applied, the degeneracy of the triplet states is lifted by
Zeeman splitting and the mixing can occur only between
singlets and T0 triplets, thus decreasing triplet popula-
tion.9,11,15 Therefore, the triplet�polaron scattering (left
side of eq 1) will generate a negativeMR (�MR) due to the
decrease of triplet population under an external magnetic
field,while the triplet quenching (right side) will produce a
positive MR (þMR) under the same circumstances. In our
systems, the overall effect on the electric current appears
to be a combination of or a competition between these
twoprocesses. In thesystemwithoutanF-SAM, the triplet�
polaron scattering process dominates and thus �MR
occurs.15,44,47 In contrast, the triplet quenching and dis-
sociation near theAu electrode becomesmore dominant
when an F-SAM is inserted due to charge accumulation.
This produces aþMR, a sign reversal ofMR relative to the
samples without an F-SAM.15,44,47

In the same manner, the triplet�polaron interaction
mechanism determines the behavior of the MR in the
Au/TPD/Alq3/Ca systems at lower bias voltages (<2.5 V),
thus reversing the polarity of MR when an F-SAM is
inserted as shown in Figure 2. However, in the higher
voltage regime, the

√
B dependence begins to dictate

the behavior of MR as we mentioned earlier (Figure 2).
On the basis of our experimental observations, we
believe that the

√
B behavior of MR in our systems

originates from the blended area near the TPD/Alq3
interface due to charge accumulation. It is likely that
charge transfer pairs accumulate near the TPD/Alq3
interface consisting of electrons provided by Alq3 and
holes by TPD. Since the electron and hole are in
different materials or radicals, they may have different
g-factors,12,13,49 and the separation of their pair in the
TPD/Alq3 blended area can be large enough for their
exchange energy to be disregarded.29,50 In this case, it
was theoretically suggested that the relative recombi-
nation rate for electron�hole pairs is proportional
to �(ΔgβB)1/2 at high magnetic field, where Δg =
|ge � gh|, where ge is the g-factor for electrons, gh is
for holes, and β is Bohr magneton.29 Because less
recombination increases the electric current, if they
are directly proportional to each other, the relative

current change by magnetic field or MR should be
negative and proportional to

√
B in high magnetic

fields. This effect becomes stronger in the higher
current regime because more electron�hole pairs
become available for recombination due to higher
charge accumulation near the TPD/Alq3 interface.
Thus, in lower magnetic fields or with low current,
non-Lorentzian-type MR curves with either a negative
(without an F-SAM) or a positive (with an F-SAM)
polarity can be obtained by random hyperfine field,
but in higher magnetic fields with high current,
Zeeman interaction with different g-factors becomes
dominant, causing

√
B-type negative MR. (One should

note that a gyromagnetic difference can produce a
different MR behavior in another situation suggested
by recent reports.12,27) The system with an F-SAM
showed two pronounced capacitance humps in
Figure 3c; the first hump most likely corresponds to
charge carrier accumulation near the Au electrode
which will cause organic þMR induced by triplet
dissociation. We attribute the second hump to charge
carrier accumulation at the TPD/Alq3 interface where
the

√
B dependence is dominant thus producing�MR.

This pronounced hump implies that spinodal dewet-
ting of the relatively thin TPD (10 nm) induced by the
F-SAM gives rise to a complex interface with a much
larger interfacial area between the TPD and the Alq3.
The larger charge accumulation at this interface further
increases the dominance of the

√
B behavior.

CONCLUSION

In conclusion, we demonstrated a novel method for
tuning the magnitude and sign of organic MR by using
SAMs. A fluorinated SAM inserted between a gold
electrode and an organic layer influences themorphol-
ogy of the organic transport material and creates an
environment of charge trapping and accumulation
near the interface, resulting in the reversal of the
polarity of the measured MR. Furthermore, by adding
a thin hole transport layer, TPD, to the Alq3-based sys-
tem with fluorinated SAM, we were able to create a
device whose MR polarity is controlled by an external
bias voltage. We argue that these phenomena are the
outcome of the competition between different mag-
netic-field-dependent charge carrier transport mecha-
nisms coexisting in these organic devices. We anti-
cipate that our findings will provide a simple yet
reliable way of engineering the performance and the
functionality of magnetic-field-dependent organic-
based systems.

EXPERIMENTAL METHODS

Preparation of Devices and Thin Films. The devices and the thin
films in our study were fabricated by using a mechanical
shadow mask and thermal evaporation in a vacuum deposition

systemwith a base pressure of≈7� 10�6 Pa (≈5� 10�8 Torr) at
ambient substrate temperature. A sublimed grade 99.995%
trace metal basis tris(8-hydroxyquinoline)aluminum (Alq3) and
99% N,N0-bis(3-methylphenyl)-N,N0-diphenylbenzidine (TPD)
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were used. The SAMs (both F-SAM and MHA) were prepared by
solution immersion method. After the deposition of the SAM,
X-ray photoelectron spectroscopy (XPS) and reflection�absorption
infrared spectroscopy confirmed successful attachment of the SAM
to the Au surface (see Figures S1 and S2). First, a≈100 nm thick Au
layer was deposited through a shadow mask on a thermally
oxidized (≈300 nm thick SiO2) silicon substrate, and then, the
shadow mask was removed. Subsequently, on the devices, either
(1) just Alq3wasdeposited, (2) F-SAMwas coated and thenAlq3was
deposited, (3) TPD was deposited and then Alq3 was deposited, or
(4) F-SAMwas coated and thenTPD/Alq3bilayer filmwasdeposited.
Alq3 and TPD thicknesses are≈100 and≈10 nm, respectively. After
organic thin filmdeposition, themaskwas placed on the device in a
glovebox under Ar gas without exposure to ambient air in order to
avoid any oxidation and minimize contamination. All the devices
were finalized with the deposition of 20 nm of Ca followed by
100 nm thick Al. The film thicknesswasmonitored during the entire
deposition process by a calibrated quartz crystal monitor; the
deposition rates were ≈0.15 nm/s for Au, ≈0.03 nm/s for TPD,
≈0.1 nm/s for Alq3, ≈0.2 nm/s for Ca, and ≈0.4 nm/s for Al. This
process createddeviceswitha cross-bar shapeanda100� 100μm2

junction area. The devices with MHA were prepared by using the
same process used for the devices with F-SAM treatment described
above. Over 20 devices for each structure were investigated, and
they all showed the same electrical and magnetic-field-dependent
behaviors described in the main text albeit with slightly differ-
ent magnitudes. The Alq3 thin films with different thicknesses
(10 and 100 nm) used for the film growth investigation were
simultaneously prepared by controlling manually adjustable
shutter masks adjacent to the substrate.

Electrical Measurements. The electrical and the MR measure-
ments were carried out in a commercial probe station system
under vacuum pressure of ≈7 � 10�4 Pa (≈5 � 10�6 Torr) at
room temperature. All the electrical measurements and char-
acterizations were performed in the dark. An external magnetic
field was applied parallel to the film plane and perpendicular to
the electric current direction as illustrated in Figures 1b and 4a.
MR was defined as MR(B) � (R(B) � R(0))/R(0), where R(B) is the
electrical resistance at the applied magnetic field B and R(0)
is the resistance at zero magnetic field. The low-frequency
ac capacitance�voltage (C�V) spectroscopy was performed
at the frequencies from 20 to 300 Hz with an ac voltage
amplitude of 25 mV as well as 50 mV. Geometrical capacitance
C0 was obtained by averaging out the measured parallel
capacitance CP over bias voltages below zero (V e 0).

Water Contact Angle Measurements. Sessile water drop contact
angles were measured with deionized water landed on our
cleaned as well as SAM-treated Au surfaces. All the Au surfaces
for the fabricated devices, and the surface and thin film
characterization went through the same cleaning steps as
follows: (1) 10 min of UV ozone cleaning, (2) ethanol rinse fol-
lowed by N2 blow dry, (3) 5 min of UV ozone cleaning, (4) ethanol
rinse followed by N2 blow dry, and (5) deionized (≈18 MΩ) water
rinse followed by N2 blow dry. Any organic contaminants present
on the Au surfacewere expected to be removed after the cleaning
process via oxidation by UV ozone cleaning, and the subsequent
removal of oxides was done by ethanol and deionizedwater rinse.

X-ray Diffraction Measurements. Grazing incidence X-ray diffrac-
tion measurements were performed at the Stanford Synchro-
tron Radiation Lightsource (SSRL) Beamline 11-3. The X-ray
wavelength was 0.9752 Å, and the incidence angle was 0.12�.
The measurements were made in a helium-filled enclosure, and
the area detector (MAR2300) was calibrated by using a LaB6
standard.

X-ray and Ultraviolet Photoelectron Spectroscopy. X-ray and UV-
excited photoelectron spectroscopy measurements were per-
formed in a commercial ultrahigh vacuum system equipped
with a hemispherical electron spectrometer with a base pres-
sure of better than 1.33 � 10�7 Pa (1 � 10�9 Torr). Monochro-
matized Al KR excitation was used for XPS, and a helium gas
discharge lamp was used for UPS operated with He I excitation

(21.22 eV). A bias of �5.5 V was applied to the sample during
UPS measurements to clear the work function of the electron
spectrometer. The Fermi energy level was referenced from a
clean Au surface.
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