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ABSTRACT  

Electrically Detected Magnetic Resonance (EDMR) was used to investigate the influence of dye doping molecules on 
spin-dependent exciton formation in Aluminum (III) 8-hydroxyquinoline (Alq3) based OLEDs with different device 
structures and temperature ranges. 4-(dicyanomethylene)-2-methyl-6-{2-[(4-diphenylamino-phenyl]ethyl}-4H-pyran 
(DCM-TPA) and 5,6,11,12-tetraphenylnaphthacene (Rubrene) were used as dopants. A strong temperature dependence 
have been observed for doped OLEDs, with a decrease of two orders of magnitude in EDMR signal for temperatures 
above ~200 K. The signal temperature dependence were fitted supposing different spin-lattice relaxation processes. The 
results suggest that thermally activated vibrations of dopants molecules induce spin pair dissociation, reducing the 
signal. 
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1. INTRODUCTION 
Organic light emitting diodes (OLEDs) have been rapidly inserted into the market and applications demand due to the 
color tunability as well as color purity and color saturation of these devices.

In particular, aluminum (III) 8-hydroxyquinoline (Alq3) has been extensively used as light emitting-electron transporting 
layer in OLEDs. The first report of a high-performance Alq3-based organic eletroluminescent (EL) device presented a 
reasonable external quantum efficiency 1, despite its low fluorescence efficiency. It is known that OLEDs EL quantum 
yield is limited, in part, by fluorescence quantum efficiency of the emitter material, in this sense, nowadays high 
efficiency OLEDs make use of highly fluorescent dyes introduced into the emissive layer (typically by co-evaporation) 
for EL quantum yield improvement 2. As a matter of fact, dye doping process leads to a series of advantages relative to 
undoped devices, such as significantly narrower EL spectra 3 and much higher EL efficiency. 4

However, despite the increasing use of dye doped OLEDs, there is not a satisfactory knowledge about the dominant 
recombination mechanisms in these devices. In particular, the discussion is centered on the yield of triplet-to-singlet 
exciton formation 5 and on the possible processes, energy 6 or charge transfer 7, that increases device efficiency. In fact, 
just a few of experimental techniques can address these questions, under real operating conditions. In this sense the use 
of techniques such as the Electrically Detected Magnetic Resonance (EDMR) has been shown to be relevant 8.

The EDMR technique consists basically in a measurement of the device current changes under magnetic resonance 
conditions. It permits to relate the properties of electric transport with the wave functions of the participating molecules, 
and it has been widely used in the study of transport properties of organic and inorganic devices 9,10,8.
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Recently undoped and dye doped Alq3-based devices have been studied using EDMR 10,8. In these works this technique 
has demonstrated high sensitivity and selectivity to different spin systems formed in the conduction process. In special, 
is has shown to be a interesting tool to probe the spin states just before exciton formation, i.e. the precursor pair formed 
by cationic (hole) and anionic (electron) molecular species with possible different spin states 8.

In this paper, we used EDMR to investigate the influence of dye doping on spin dependent exciton formation in Alq3-
based OLEDs. We measured the EDMR spectra at different temperatures and performed a phase analysis of the EDMR 
signals to observe the spectral characteristics of each spin system that forms the exciton. The results reinforce the known 
fact that the recombination zone of the electron-hole pair in OLEDs is located near the α-NPD layer 11. A strong 
temperature dependence of EDMR signal was observed for doped structures. Considering the spin-dependent behavior 
of conductivity with the spin-spin relaxation time limited by T1 (or spin coherence time) 12, the temperature dependence 
were fitted supposing different spin-lattice relaxation processes 13.

2. METHODOLOGY
Figure 1 presents the devices structures studied and the frontier molecular orbitals energies of each compound (HOMO: 
highest occupied molecular orbital and LUMO: lowest unoccupied molecular orbital). Alq3 has been used as emitter 
material and 4-(dicyanomethylene)-2-methyl-6-{2-[(4-diphenylamino)-phenyl]ethyl}-4H-pyran (DCM-TPA) and 
5,6,11,12-tetraphenyl naphthacene (Rubrene) have been used as dopants.

The devices were manufactured by thermal evaporation on glass substrates under high vacuum. An active area of 2 x 2 
mm2 have been used. Indium-tin-oxide (ITO) coated glass substrates were cleaned in a sequence of ultrasonic baths 
using ethanol, acetone, detergent and Milli-Q water, respectively. The organic layers were deposited in sequence.

For the undoped OLED (Fig. 1), used as a reference, the sequence comprises a 10 nm thick copper phthalocyanine 
(CuPc) layer, used to improve hole injection, followed by a 40 nm thick N,N´-diphenyl-N,N´-bis(1-naphthyl)-1,1
´biphenyl-4,4´´diamine (α-NPD) hole transporting layer and a 60 nm thick Alq3 electron transporting and emissive layer. 
Subsequently, a 0.8 nm thick LiF layer was deposited followed by a 100 nm thick Al layer. The DCM-TPA and Rubrene-
a dye doped devices were prepared in the same way, except that instead of the 60 nm Alq3 layer, a 20 nm thick Alq3 
doped layer (co-evaporation of Alq3 with 1 wt.-% of dye doping molecules) was deposited followed by a 40 nm thick 
undoped Alq3 layer. For the Rubrene-b OLED, 20 nm of Alq3 was deposited, followed by a 20 nm thick Alq3 doped layer 
(co-evaporation of Alq3 with 1 wt.-% of Rubrene), followed by an extra layer of 20 nm of Alq3.

In order to avoid air-induced degradation, the devices were directly transferred to an inert gas glove box without 
atmosphere exposure. Samples were then contacted and sealed inside an ESR quartz tube.

EDMR measurements were done using a specially designed computer interfaced K-Band (24 GHz) electron spin 
resonance (ESR) spectrometer, in the temperature range from 100 to 300 K. Spin-dependent conductivity changes were 
measured by modulating the static magnetic field H0 and using lock-in detection of the current changes. The magnetic-
field modulation used was 133 Hz. EDMR signal amplitude (Δσ/σ) was calculated from the current changes: (I-I0)/I0, 
where I0 is the current out of resonance.  All measurements were realized in the OLED electroluminescent regime.

The regressions fits for EDMR signals temperature dependence were performed with QtiPlot software package. 14

3. RESULTS AND DISCUSSIONS
The devices structures presented in Fig. 1 were specially designed to study the mechanism associated to the origin of 
light emission in dye doped OLEDs. 
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Figure 1. OLEDs devices structure and energy levels of their components (eV): i) Undoped Alq3, ii) DCM–TPA 
dye doped, iii) Rubrene dye doped, and iv) Rubrene dye doped OLED with an extra Alq3 layer between the doped 
Alq3 and the α-NPD.

Figure 2 shows the typical EDMR signal detected for Rubrene-b OLED at two bias currents at the three phases: 0º, 89.8º 
and 90.2º. Two different signals can be uncoupled as discussed elsewhere 8 what have been associated with anionic 
(electron-e) and cationic (hole-h) molecular species.

Figure 2. Typical EDMR signal of the undoped Alq3 OLED showed in Fig. 1. The EDMR signals for three 
different phases are shown: a) φ= 0°, b) φ=89.8° and c) φ=90.2°.

As can be seen, two different g-factors can be resolved for phases close to 90°: gE= 2.0028 ± 0.0003 and gH= 2.004 ± 
0.0002 at ~20 µA bias current. At bias current of ~70 µA, the g-factor gH have shown a shift to g’H= 2.005 ± 0.0003. 
Table 1 summarizes the EDMR spectral characteristics for each device architecture. 
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Table 1. Spectral characteristics of the EDMR signals components for the different devices (at 100 K).

Device gH
ΔhppH 

(mT) gE
ΔHppE 

(mT)

Undoped (I0 ~ 20 - 100 μA) 2.0040 ± 0.0001 1.50 2.0028 ± 0.0002 2.0 - 3.4 

DCM-TPA  (I0 ~ 20 μA) 2.0040 ± 0.0002 1.82 2.0039 ± 0.0001 3.0 - 4.2 

Rubrene-a (I0 ~ 20 μA) 2.0051 ± 0.0002 1.69 2.0028 ± 0.0002 2.2 - 3.1 

Rubrene-b (I0 ~ 20 μA) 2.0040 ± 0.0002 1.53 2.0028 ± 0.0003 2.0 - 3.1 

Rubrene-b (I0 > 50 μA) 2.0050 ± 0.0003 1.70 2.0028 ± 0.0003 2.1 - 3.1 

The data presented in Table 1 suggest that the inclusion of dopants into Alq3 layer induces differences in the g-factor 
values, gH and gE. These dopants may act as trapping states for holes (Rubrene) or for electrons (DCM-TPA), changing 
the environment of charge carriers in the resonance condition. In fact the g-factor of the cationic states for the devices 
without hole traps (undoped and DCM-TPA device) is different from the g-factor value of the Rubrene-a. Also, the g-
factor value of the anionic states for the undoped and Rubrene-a devices is different from the g-factor value of the DCM-
TPA device, what suggests the formation of different precursor species in these devices. This hypothesis is reinforced by 
Rubrene-b device, which presents similar spectral characteristics of undoped one. Since the main recombination zone is 
near the α-NPD layer, 11 no change was expected for Rubrene-b device (at least for low currents), what is observed in 
Table 1. However, at higher bias currents, the space charge accumulation becomes more important at the doped/undoped 
emissive interface leading to a shift of the recombination zone towards the ITO side. 15 These results indicate that 
dopants acts as charge traps; so that the exciton formation is performed predominantly by a cation from Rubrene and an 
anion from Alq3, for Rubrene doped OLEDS; and by an anion from DCM-TPA and a cation from Alq3, for DCM-TPA 
doped OLEDS.

Figure 3 shows the temperature dependence of the normalized EDMR signals amplitudes (Δσ/σ) for a phase signal of ϕ= 
0°. The inset shows the EDMR spectra of device Rubrene-a structure, at 300 and 100 K. All measurements were 
obtained for devices operating at the same bias current (~20 µA).

Figure 3. Normalized EDMR signals amplitudes (Δσ/σ) as a function of temperature for the different OLEDs: 
experimental points and adjusted curves using Eq. 2 and 3 with the parameters presented in Table 2. The graphic 
inset show EDMR signals (φ= 0°) of the Rubrene dye doped OLEDs without extra Alq3 layer at two different 
temperatures.
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As can be seen, the temperature dependence of the signal for DCM-TPA and Rubrene-a OLEDs is different from that of 
the undoped and Rubrene-b OLEDs (at low bias). DCM-TPA and Rubrene-a doped structures show strong temperature 
dependence with a decrease of two orders in the magnitude of the EDMR signal at temperatures above 225 and 200 K, 
respectively. On the other hand, a weak dependence have been observed in undoped and Rubrene-b OLEDs. These 
results reinforce the known fact that the recombination zone of the electron-hole pair in OLEDs is located near the α-
NPD layer and that the signal temperature dependence is due to dopants molecules. 

Recently, the temperature dependence in DCM-TPA doped devices has been attributed to a decrease in spin coherence 
time or change in exciton precursor reaction rates 16. Supposing a homogeneously broadened Lorentzian line and 
assuming the spin-spin relaxation time limited by the spin-lattice relaxation time, such as T1≈T2, 12 the EDMR signal 
can be described by:

Δσ
σ

K .
ω1
2T 1

2

ω1
2T 1

2 1
 (1)

Δσ
σ

K

1 1
ω1T 1

2 (2)

since Δσ/σ represents the signal intensity; ω1 represents the microwave-induced spin-flip rate (proportional to the 
microwave power); T1 represents the spin-lattice relaxation time and K is a normalization constant (note that polarization 
effects have not been considered).

In order to evaluate the influence of temperature in the signal, the temperature dependence of T1 were fitted supposing 
different spin-lattice relaxation processes. 13

1
ω1T 1

Adir T Aexpe
Δ
T  (3)

the first component in the right side represents the direct relaxation process and the second component represents a 
exponential decay term, compatible with several different relaxation processes (Orbach, Local Vibration Mode and 
Thermally Actived). 13 The addition of a Raman relaxation component in Eq. 3 have not shown significant improvement 
in the fitted curves adjustment and were not shown. Table 2 presents the regressions parameters for the best fitted curves 
shown in the Fig. 3. 

Table 2. Parameters employed for fit of the temperature dependence of EDMR signal shown in Fig. 3.

Parameters Undoped 
OLED

DCM-TPA Doped 
OLED

Rubrene-a Doped 
OLED

Rubrene-b Doped 
OLED

Adir 0.0034 0.0042 0.0030 0.0038

Aexp --- 0.92 x 105 2.06 x 105 ---

Δ --- 3180.47 2995.41 ---

K 1.10 1.13 1.06 0.97

Note that the temperature dependence in undoped and Rubrene-b OLEDs structures have been fitted only considering 
direct relaxation process components. On the other hand, DCM-TPA and Rubrene-a structures presents an exponential 
decay component, with an activation energy (Ea) of 0.274 and 0.258 eV, respectively. 

The activation energies obtained for these process is compatible with structural transitions in dopants molecules. In fact, 
both dopants presents two stable isomer conformation as shown in Figure 4. Rubrene presents planar and twisted 
isomers with a transition energy of about 0.120 eV. 17 The most stable structure is the twisted one, but  changes in the 
population equilibrium is expected under heating, promoting the thermochromic effects observed in this compound. 18 In 
addition, it is known that Rubrene presents a temperature dependent intersystem crossing and triplet—triplet absorption 
in solid solution with activation energy between 0.107 and 0.570 eV, 19 which is compatible with a relaxation process 
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involving an intermediate upper level as Orbach process. On the other hand, DCM-TPA compound presents a 
triphenylamine group with a three-bladed propeller structure and a two mirror-like potential energy minima with a 
transition energy of about  0.207 eV. 20

Figure 4. Structure of Rubrene and DCM-TPA isomers.

According with Kaplan-Solomon-Mott mechanism, the EDMR signal can be attributed to precursor pairs formed before 
the spin-dependent transition 21. If the spin configuration of these bounded pair is singlet the transition occurs (hopping 
or recombination) with a characteristic time constant. On the other hand, if the transition is spin-forbidden, it will occur 
only if one of the two spins flips, or by spontaneous spin-lattice relaxation processes (with a time constant T1), or due to 
microwave-induced process (with a time constant τmw). In addition, if the transition takes longer time to occur, the 
bounded pair can also be dissociate with a time constant τd 22, thus T1 can be dominated by τd.

Our results suggest a influence of lattice vibrations in the precursor pair dissociation time. In organic molecular 
materials, the precursor pairs are expected to form between charged species (cationic and anionic molecules) from 
charge carriers hopping; these excited pairs are then kept bounded by electrostatic interactions, similarly to electromers. 
Our results indicate an exponential decay of T1 with energies activation compatible with structural transitions of dopants 
structures. These thermally activated transitions could promote small changes in the intermolecular distances of 
cationic/anionic species and facilitate the spin pair dissociation, reducing the EDMR signal.

4. CONCLUSIONS
Electrically Detected Magnetic Resonance (EDMR) was used to investigate the influence of dye doping molecules on 
spin-dependent exciton formation in Aluminum (III) 8-hydroxyquinoline (Alq3) based OLEDs with different device 
structures and temperature ranges. The results suggest that dopants molecules act as trapping states for holes (Rubrene) 
or for electrons (DCM-TPA), such as exciton formation is performed predominantly by a cation from Rubrene and an 
anion from Alq3 (in Rubrene doped OLEDs) and by an anion from DCM-TPA and a cation from Alq3 (in DCM-TPA 
doped OLEDs). In addition, doped dye OLEDs presents a strong temperature dependence. The dependence in undoped 
and Rubrene-b structures have been fitted considering only a direct relaxation process. On the other hand, DCM-TPA 
and Rubrene-a structures presents an exponential decay component compatible with structural transitions of dopants 
molecules. These results suggest a influence of lattice vibrations in the precursor pair dissociation time, a subject still 
barely discussed in the literature.
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