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We report the sign change in the magnetoresistance of a tris(8-hydroxyquinolinato)aluminum film

with the morphological change from amorphous to crystalline state upon annealing. The negative

component of the magnetoresistance followed power law behavior, whereas the positive one

showed non-Lorentzian function behavior. The decreasing absolute values of the negative

component with increased annealing temperature may be understood by both intersystem-crossing-

based mechanism and quenching of triplet excitons. The increasing values of the positive

component with increased annealing temperature may be explained by the increase in the hopping

probability of charge carriers with increased crystallinity of the film. VC 2012 American Institute of
Physics. [doi:10.1063/1.3684873]

Sizable magnetoresistance observed in organic small

molecules and p-conjugated polymers at room temperature

has attracted a surge of interest in recent years.1–10 Although

intensive efforts have been made in both experiments and

theories,1–8,11–13 a comprehensive understanding of the

underlying mechanisms governing these phenomena is yet to

come. Several models have been proposed based on hyper-

fine interactions between polarons and nuclear spins.9,14–16

In steady state, the intermixing between singlet and triplet

polaron pairs occurs through the hyperfine interactions,17

and an external magnetic field modifies spin configuration of

the polaron pairs.15–17 Recently clear experimental evidence

demonstrated that hyperfine interactions played a crucial role

in the underlying mechanism of organic magnetoresistance

(OMAR).17,18 OMAR has been shown to be positive and

negative, depending on factors, such as the active mate-

rial,2,10 device structure,3,4,19 applied bias voltage,3,5–7 tem-

perature,7 and light illumination.8 OMAR can also be tuned

between positive and negative values.4 Amorphous struc-

tures are generally formed in a thin film when organic mate-

rials are deposited thermally. In organic semiconductors, the

electrical and optical properties of the amorphous structure

differ from those of the crystalline one because the disorder

can modify intermolecular interactions,20,21 the statistics of

spin states,22 and the concomitant recombination.23 The

effect of this structural change on OMAR in organic semi-

conductors, especially on its sign change, is interesting to

know. To induce a structural change from a disordered to or-

dered one, a thin film of tris(8-hydroxyquinolinato)alumi-

num (Alq3), which has a simple organic light-emitting diode

(OLED) structure, was annealed. Alq3 was used, because it

is thermally stable within a wide temperature range below

�419 �C and different polymorphs can be obtained depend-

ing on the annealing temperatue.21

In this letter, we report the sign change in OMAR with

the morphological change from amorphous to crystalline

states; we also discuss the underlying mechanisms associated

with the positive and negative OMAR. To investigate the

relationship between the sign change in OMAR and the mor-

phology of Alq3 films, two Alq3 samples were prepared; one

was for magnetoresistance (MR) measurement and the other

was for x-ray diffraction (XRD) analysis. Indium tin oxide

(ITO) glasses (Geomatec Co. Ltd.) with a sheet resistance of

15 X/h were pre-cleaned and treated with UV-O3. For the

MR measurement, 100 nm-thick Alq3 (Doosan Electro-

Materials Co. Ltd., >99.9%), 1 nm-thick LiF (Cerac Inc.;

99.999%), and 100 nm-thick Al (Cerac Inc., 99.999%) were

thermally evaporated in sequence on top of the ITO glasses

at a rate of 1 Å/s and a pressure of 10�7 Torr (inset of Fig. 1).

For the XRD analysis, only 100 nm-thick Alq3 was evapo-

rated simultaneously with the MR samples on the ITO

glasses. Both MR and XRD samples were encapsulated

using an UV curable epoxy to protect them from moisture

and oxygen. The samples were then respectively annealed at

70, 130, 145, 160, 170, and 180 �C for 1 h at an average

FIG. 1. (Color online) J-V curves of an as-deposited OLED device (up-

pointing triangle) as well as devices annealed at 70 (square), 130 (down-

pointing triangle), 145 (circle), 160 (left-pointing triangle), 170 (diamond),

and 180 �C (right-pointing triangle). Inset: a schematic diagram of the

OLED device structure.

a)Author to whom correspondence should be addressed. Electronic mail:

csyoon@kaist.ac.kr. Tel.: þ82 42 350 2532. Fax: þ82 42 350 8780.
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temperature lowering rate of 0.6 �C/min in a dry oven. J-V
curves were obtained to evaluate the characteristics of the

OLED device using a sourcemeter (Keithley 2400) at room

temperature. The current drift during the OMAR measure-

ment was compensated for by the method used in the previ-

ous work of the authors.24 The MR sample was placed

between the poles of an electromagnet such that the direction

of the current was perpendicular to the magnetic field, which

ranged from 0 to 260 mT. For the XRD analysis, a thin film

x-ray diffractometer (Rigaku, 12 kW) with monochromatic

Cu Ka radiation was used.

The J-V curves of the as-deposited and annealed OLED

devices are shown in Fig. 1. The OLED device annealed at

70 �C did not show any significant difference from the as-

deposited one. However, remarkably increased currents were

observed at low bias voltages when the devices were

annealed above 130 �C. The drop in the currents of the sam-

ple annealed at 180 �C may be ascribed to the partial damage

of the aluminum cathode due to the structural change in the

Alq3 film by crystallization. However, the diode characteris-

tics remained in the annealed devices as long as the anneal-

ing temperatures were kept below 190 �C. The diode

characteristics disappeared at an annealing temperatures of

190 �C and above, and the MR could not be measured either.

Figure 2 shows the fluorescence optical micrographs of

the Alq3 films annealed at different temperatures up to

190 �C. The as-deposited Alq3 film [Fig. 2(a)] as well as the

films annealed at 70 and 130 �C [Figs. 2(b) and 2(c), respec-

tively] showed uniform contrast, indicating the amorphous

structure of the films. When the Alq3 film was annealed at

145 �C, anomalies that were about 1 lm in size, with triangu-

lar and square shapes, appeared in the fluorescence image

[Fig. 2(d)]. From these anomalies, needle-shaped crystals

started to grow at an annealing temperature of 160 �C, as

shown in Fig. 2(e). The area occupied by the crystals became

larger with increased annealing temperatures [Figs. 2(f) and

2(g)], and most of the area was covered by needle-shaped

crystals at an annealing temperature of 190 �C [Fig. 2(h)].

The glass transition temperature of a 56 nm-thick Alq3 film

was reported to be about 130 �C,25 which explained why the

film remained amorphous at an annealing temperature of

130 �C and below.

The morphology of the Alq3 film was examined by the

XRD analysis. Figure 3 shows the XRD spectra of the as-

deposited and annealed Alq3 films. The peaks at 2h¼ 21.3�,
30.4�, 35.28�, and 37.49� corresponded to the reflections

from the (211), (222), (400), and (411) planes of the ITO

substrate. On the other hand, The peaks at 2h¼ 9.38�,
18.83�, and 28.78� came from the ð01�1Þ, ð102Þ; and ð004Þ
planes of the b-phase of Alq3, respectively.26 The as-

deposited Alq3 film and the films annealed at 70 and 130 �C
did not show any diffraction peak of Alq3, which indicated

the amorphous structure of the Alq3 films. However, the

films annealed at 145, 160, 170, 180 and 190 �C showed dif-

fraction peaks at 2h¼ 9.38�, indicating the crystalline

b-phase. These findings well agreed with the fluorescence

optical microscope images in Figs. 2(d)–2(h). At annealing

temperatures of 385 and 395 �C, additional diffraction peaks

for the b-phase of Alq3 appeared at 2h¼ 18.83� and 28.78�,
which were reflected from the (102) and (004) planes,

respectively.

All MR measurements were conducted at a constant

bias voltage of 7 V. The MR values, DRðBÞ=Rð0Þ
¼ ½RðBÞ�Rð0Þ�=Rð0Þ; of the as-deposited OLED devices

and those annealed at different temperatures between 70 and

180 �C are shown in Fig. 4(a). The MR for the device

annealed at 190 �C could not be measured because the mag-

netic current signal was severely deteriorated. This deteriora-

tion may be caused by the damage to the aluminum

electrode by the needle-shaped Alq3 microcrystals grown in

the direction normal to the plane of the film.

As shown in Fig. 4(a), all MR values of the as-deposited

Alq3 film and those annealed at 70 and 130 �C were negative

in the range of 0 to 260 mT. On the other hand, all MR values

were positive for the devices annealed at 170 and 180 �C in the

same range of magnetic field. For the devices annealed at 145

and 160 �C, the MR values initially increased with the positive

values, reached the maximum, and then decreased, changing

the sign from positive to negative at 48 and 125 mT, respec-

tively. To understand the MR mechanism, the observed MR

values in Fig. 4(a) may be decomposed into two parts: positive

and negative values as MRðBÞ ¼ MRþðBÞ þMR�ðBÞ. The

negative MR values (MR�) showed a power law behavior to-

ward the magnetic field Bn [Fig. 4(b)], whereas the positive

MR values (MRþ) showed non-Lorentzian function behavior

FIG. 2. UV fluorescence optical microscope images of (a) an as-deposited

film, as well as films annealed at (b) 70, (c) 130, (d) 145, (e) 160, (f) 170, (g)

180, and (h) 190 �C. The scale bar indicates 10 lm.

FIG. 3. (Color online) X-ray diffraction spectra of an ITO substrate, an as-

deposited film of Alq3, and the Alq3 films annealed at different

temperatures.
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[Fig. 4(c)]. The MR� component appeared in the as-deposited

film and those annealed at all temperatures except 180 �C.

With increased annealing temperature, the absolute values of

MR� decreased, and the exponent n increased from 0.65 for

the as-deposited film to 1.32 for the film annealed at 170 �C. In

comparison, MRþ appeared only in the films annealed at and

above 145 �C, suggesting the link between the MRþ in the

present study and the ordering of Alq3 molecules in the

b-phase crystalline structure.

The as-deposited Alq3 film showed an amorphous struc-

ture, in which the positions and orientations of Alq3 molecules

were in a disordered manner. The intrinsic polymorphism and

local fluctuations in the enantiomeric concentrations during

evaporation, combined with the strong dipole-dipole interac-

tions between Alq3 molecules,20 are responsible for the amor-

phous nature of the sublimed thin films.26 In the current work,

at annealing temperatures of 145 �C and above, the area of the

crystalline region increased with increased annealing tempera-

ture, as shown in Fig. 2. In the crystalline b-phase, an Alq3

molecule was linked to one neighboring Alq3 molecule by p-p
interactions that occurred between a pair of neighboring paral-

lel hydroxyquinoline ligands lying in the [�321] direction, and

to the other neighboring molecule by p-p interactions between

a pair of neighboring parallel hydroxyquinoline ligands lying

in the [0�11] direction.26 Such p-p overlap interactions provided

an extended one-dimensional channel facilitating charge carrier

hopping along the crystallographic c-axis, whereas no such

channel existed in the amorphous structure. As annealing tem-

perature increased, the packing density of Alq3 molecules also

increased not only in the amorphous films but also in the crys-

talline ones,26,27 leading to decreasing average intermolecular

distance.

The decreasing absolute values of MR� with increased

annealing temperature in Fig. 4(b) may be understood by the

intersystem crossing (ISC)-based mechanism based on

hyperfine interactions.14–17,28 The ISC occurs mainly in po-

laron pairs and is affected by both external magnetic field

and charge separation distance.15,16,28,29 The ratio of singlet

to triplet polaron pairs is larger in the presence of an external

magnetic field than that with zero field. This is because the

transition from singlet to triplet polaron pairs with Dm ¼ 0

only is allowed after the degeneracy of the triplet state is

removed by the Zeeman splitting. Since singlet polaron pairs,

in general, have larger dissociation rate than triplet ones,1,15

more secondary charges are generated in the magnetic field,

leading to a negative magnetoresistance. As the intermolecu-

lar distance decreases upon annealing, the ISC from a singlet

to a triplet state is diminished by the increased energy differ-

ence between the two states due to stronger exchange

interaction.14–16 If an external magnetic field is applied, the

ISC will be further suppressed. As a consequence, the ratio

of the number of singlet polaron pairs increased by the mag-

netic field to the number of singlet polaron pairs in the zero

field can decrease as the intermolecular distance shortens,

which results in the decrease in the magnitude of MR� with

increased annealing temperature [Fig. 4(b)].

The fact that the MRþ component appeared only in the

films annealed at and above 145 �C suggests that MRþ may

be related to the crystalline nature of Alq3 films. The major

differences between the amorphous and crystalline structures

are positional and orientational orderings and a higher pack-

ing density26,27 in the crystalline phase. The effect of higher

packing density resulted in the shorter average intermolecu-

lar distance, which was discussed in association with the

ISC-based mechanism. The positional and orientational

orderings in the b-phase of Alq3 films provided extended

one-dimensional channels for charge carriers hopping along

the crystallographic c-axis.26 Therefore, it is reasonable to

expect that an efficient hopping transport through the chan-

nels may bring about the appearance of MRþ component by

the charge carriers such as polarons. When the hopping

charges are captured, the same-sign polaron-pairs favor sin-

glet states than triplet states to comply with the Pauli princi-

ple. In the presence of an external magnetic field, the

probability of forming same-sign polaron-pairs becomes

reduced because of increased spin order, leading to a positive

magnetoresistance. As the area of crystalline region in Alq3

films increases with increased annealing temperature, the

hopping probability of the charge carriers also increases.

Therefore, the higher the annealing temperatures of the Alq3

films, the larger the effect of the magnetic field on the

charge-capture. This is reflected in Fig. 4(c), which shows

larger magnitude of MRþ with higher annealing tempera-

tures. The observed MRþ can be fitted to an empirical non-

Lorentzian function B2=ðB0 þ BÞ2, as predicted by the

capture-based mechanism,5,9,28 with B0¼ 0.944, 1.106,

1.826, and 2.205 mT for the annealing temperatures of 145,

160, 170, and 180 �C, respectively.

The triplet excitons have a much longer life time and

larger population than singlet excitons, so they can affect

injection current through interactions with (i) other triplet

excitons30 and (ii) charge carriers.31 The process (i) is called

triplet-triplet annihilation (TTA), in which a triplet exciton

pair can annihilate to yield a singlet excited state and a sin-

glet ground state.30 TTA generally enhances electrolumines-

cence in organic light emitting diodes through the delayed

fluorescence. It also possibly affects the injection current if

FIG. 4. (Color online) (a) MR vs. B for an as-deposited Alq3 film (up-point-

ing triangle) as well as films annealed at 70 (square), 130 (down-pointing tri-

angle), 145 (circle), 160 (left-pointing triangle), 170 (diamond), and 180 �C
(right-pointing triangle). (b) Absolute value of the negative component of

the magnetoresistance in a log-log scale, and (c) positive component of the

magnetoresistance in a linear scale. The solid lines are fitted curves.
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the singlet exciton dissociates into free charges. An external

magnetic field ranging from 10 to 100 mT can substantially

reduce the ISC rate from singlet to triplet polaron pairs, lead-

ing to a decrease in the concentration of the triplet polaron

pairs and consequently triplet excitons.1,4,32 As TTA is pro-

portional to the density square of triplet excitons, the concen-

tration of singlet excitons produced from the TTA can be

diminished in the presence of an external magnetic field,

leading to MRþ. The probability of forming a triplet exciton

pair can increase as the intermolecular distance of Alq3

decreases with increased annealing temperature. This result

leads to an increase in the magnitude of MRþ with increased

annealing temperature. The MRþ caused by the TTA is

expected to appear in Alq3 films annealed at all temperatures

because the packing density of Alq3 molecules increases

with increased annealing temperature both in amorphous and

crystalline films.26,27 Considering that TTA has a high field

effect,32 it cannot alone explain the sign change in MR for

the films annealed at 145 �C at 48 mT [Fig. 4(a)]. However,

the TTA effect may superpose on the effect caused by the

ICS- and capture-based mechanisms. Even in this case, the

magnitude of MRþ due to the TTA can be negligibly small

compared with that caused by both mechanisms, because the

dissociation rate of singlet excitons is much smaller than that

of singlet polaron pairs. Other experimental evidence, which

supports this view, indicates that TTA does not influence the

magnetocurrent,33 and the delayed fluorescence from TTA is

hardly observed at room temperature34 in Alq3.

The process (ii) can increase injection current by disso-

ciating a triplet exciton into an electron and a hole4 or

decrease injection current through quenching of triplet exci-

tons.14 As an external magnetic field can decrease the con-

centration of the triplet polaron pairs and consequently the

triplet excitons,32 the dissociation and quenching of the tri-

plet excitons lead to MRþ and MR�, respectively. Consider-

ing that all MR values for the as-deposited film are negative

[Fig. 4(a)], the process involving the dissociation of the tri-

plet excitons alone cannot explain the experimental result.

The quenching of triplet excitons, however, gives the similar

effect on MR to the dissociation of singlet polarons in the

ISC, and therefore both effects on the MR� in Fig. 4(b) can-

not be distinguished.

A similar annealing effect on MR has been reported in

amorphous silicon35,36 and germanium.36 However, the expo-

nent in the power law of MR� was found to be independent

of the annealing temperature. This might be attributed to the

almost instantaneous occurrence of crystallization in the

entire areas of the Si and Ge films at a critical temperature,

because the atoms are bonded by strong covalent bonds.

Meanwhile, crystallization in the entire area of the Alq3 films

in the current study did not occur instantaneously but occurred

rather successively with increased annealing temperature,

because weak van der Waals interactions are responsible for

the bonding of the molecules and the annealing time was 1 h.

In summary, we presented the sign change in the magne-

toresistance of Alq3 films upon annealing. MR� appeared in

the as-deposited film and those annealed at all temperatures

except 180 �C, whereas MRþ appeared only in the films

annealed at and above 145 �C. The MR� and MRþ followed

a power law behavior and non-Lorentzian function behavior,

respectively. The magnitude variations of MR� and MRþ as

a function of annealing temperature were explained by exist-

ing models of OMAR.

This work was supported by the Information Technol-

ogy R&D Program of Ministry of Knowledge Economy
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