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Study on n-type Doped Electron-Transporting
Layers in OLEDs by Electron Spin Resonance
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We present an electron spin resonance (ESR) study of Cs;CO; and LiF doped tris(8-
hydroxyquinoline) aluminum (Algs) thin films. The g values of the Cs;CO; and LiF
doped Alg; thin films were obtained as 2.0040 and 2.0028, repectively. The g value of
the LiF doped film was very close to a theoretically calculated one for an isolated Alg;
radical anion, while Cs,COj doped film showed a large g shift. This feature can be
explained by large spin-orbit interaction caused by heavy Cs atoms. While doping of
Cs,COj; did not showed cathode-metal (Al and Au) dependence, LiF doping required
Al as cathode.

Keywords organic light-emitting diodes; electron spin resonance; doping; electron-
transporting layer; charge transfer

Introduction

Electron injection is one of the key factors that determine the efficiency of organic light-
emitting diodes (OLEDs). Using low work function metals such as Mg, Li, and Ca as
cathode material can lower injection barrier at electron-transporting layers (ETLs). These
metals are inappropriate for practical application because of their high reactivity in ambient
air and alternative techniques have been introduced to obtain low injection barrier between
cathodes and ETLs: insertion of a thin dopant layer between cathodes and ETLs [1,2] and
coevaporation of ETL materials with dopants [3-9]. Among the dopants, alkali halides such
as LiF and Cs,COj are the most frequently used materials because of their high stability
in ambient air, which is an important factor for practical application. Furthermore, Cs,CO3
layer can be formed using solution process [10].

A photoemission spectroscopy study of the above-mentioned structures has suggested
that a charge-transfer reaction between dopants and ETL materials is a main reason for the
improved electron injection and transport properties [7]. The reaction results in forming
radical anions of ETL materials. Electron spin resonance (ESR) spectroscopy can detect
and quantify these radicals. Actually, we observed radical spins of tris(§-hydroxyquinoline)
aluminum (Alqs3) in coevaporatied Alqs;:Mg samples [11,12]. In these studies, we showed
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that the actual doping concentration calculated using the number of spins obtained by ESR is
not linearly correlated to coevaporation ratio in Alqs;:Mg system: the doping concentration
tends to saturate in high Mg ratio region. Also, the analysis of the linewidth of the observed
ESR spectra indicated that the observed radical species are mainly localized spins. Thus,
ESR can both quantitatively and qualitatively evaluate doping effects through the spins of
radicals. However, ESR investigations for various dopants except for Mg have not yet been
reported, which will be extremely important for further understanding and improving the
electron injection and transport properties.

In this paper, we investigate radical anions of Cs,CO3 and LiF doped Alqs thin films
by ESR measurement in order to elucidate, via spins of radicals, what happens in doping
process. Obtained ESR spectra show significantly different g values from that of Mg doped
sample, which can be explained by the spin-orbit interaction of dopant atoms.

Experimental

Doped Alqs films were prepared in a vacuum chamber under a pressure of lower than 2 x
10~* Pa by thermally coevaporating Alqs and dopants (Cs,COs, LiF) on quartz substrates.
Molecular ratio (Alqgs:dopant) of the samples were 1:0.3 for Alq;:Cs;CO3; and 1:10 for
Alqs:LiF, respectively. Subsequently, an additional metal (Al, Au) layer was deposited on
the doped Alqs layer. The deposition of the metal layer was performed for the following
two reasons: (i) to protect the radicals from oxygen and water, (ii) to investigate the effects
of cathode metals. The thicknesses of the layers were 100 nm for the doped ETL layer and
70 nm for the metal layer, respectively. The thickness of the doped ETL layer was estimated
based on the amount of Alqs that was vapor-deposited on the substrate using quartz thickness
monitor. The areas of the layers were 0.84 cm?. The fabricated samples were then placed
in an ESR sample tube, and sealed under vacuum condition of approximately 6 x 107> Pa.
ESR measurements were performed with a JEOL JES-FA200 X-band spectrometer. The
absolute magnitudes of g value and ESR linewidth were calibrated using a Mn?* standard
marker sample.

Results and Discussion

Figure 1 shows respective ESR spectra of the Alq;:Cs,COs3, Alqs:Mg (from Ref. 10, the
ratiois 1:0.5), and Alqs:LiF samples when Al is used as cathode metal. We have successfully
observed ESR spectra of the Cs;CO3 and LiF doped Alqgs thin films; such ESR spectra
have not yet been reported. The detection of the radical spins directly indicates the charge
transfer between Alqs and the dopants. Although this charge transfer has been suggested
in the Alq;:Cs,CO;3; system by other group [7], we demonstrate it from a microscopic
viewpoint. Respective g value and peak-to-peak ESR linewidth AH,, of the spectra are
2.0040 and 2.49 mT for Alqgs;:Cs,CO3 sample, 2.0030 and 2.19 mT for Alqs;:Mg sample,
2.0028 and 1.49 mT for Alqs:LiF sample.

First, we discuss the g shifts in the three samples. The g shift increases as the atomic
number of the reactive metal atom in dopant increases. This tendency of the g shift can be
explained by considering the spin-orbit interaction as follows: The effect of the spin-orbit
interaction on the g shift is known to be proportional to a spin-orbit coupling constant A
which is again proportional to the atomic number of constituent atoms. Here, we compared
the observed g values with a calculated g tensor of an isolated Alqgs; radical anion. The
principal values of g tensor were calculated as 2.0024, 2.0029, and 2.0032 using a density
functional theory [11]. In amorphous state as in the Alqs films, an apparent g value is most
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Figure 1. ESR spectra of Alq;:Cs,COj; (red line), Alq;:Mg (blue line, from Ref. 10), and Alq;:LiF

(green line) samples at room temperature. The spectra include those from a Mn?* standard marker.
Coevaporation ratio (molecular ratio) for each sample is 1:0.3, 1:0.5, and 1:10, respectively.

likely to be the average of the three principal g values, ca. 2.0028. The observed g value
of the Alqs:LiF sample is close to this theoretical value. On the other hand, the g value of
Alqs:Cs,CO3 sample shows a significant g shift from the theoretical value, which is caused
by heavy Cs atoms. The influence of the spin-orbit interaction of dopant atoms suggests
that the wave function of an unpaired electron spreads out to the dopant molecules to some
extent. The previous research based on photoemission spectroscopy also pointed out the
existence of a substantial chemical reaction between Alqgs and Cs,CO; [7].

Next, we discuss the effect of the cathode metals. The ESR spectrum of Alqs:LiF sample
was disappeared when Au was used as cathode metal. Note that pure Alqs thin films with
cathode metal of Al and Au do not show any significant ESR signal. Previous works have
shown that LiF can be decomposed into Li atoms through a reaction 3LiF + Al = AlF; +
Li, and that the formation of n-doped Alqs by released Li atoms is the main mechanism of
the doping process [13,14]. Ref. 14 also shows that LiF does not react with Au. Therefore,
we reasonably conclude that the LiF doping occurs only when Al is adjacent to LiF and
Alqs. This is probably the reason why the ESR spectrum of the Alqs:LiF sample is small
compared to other samples because the doping only occurs at interface between Alqs:LiF
and Al layer. On the other hand, the ESR spectra of Alqs;:Cs,CO3 remain unchanged when
cathode metal was changed from Al to Au. Thus, we conclude that Cs,COj itself can react
with Alqgs molecule without cathode metals.

Summary

We have investigated radical anion states of n-doped Alqs thin films using ESR spec-
troscopy. We have successfully observed ESR spectra of Cs,COj3 and LiF doped Alqs thin
films. The detection of radical spins is a direct evidence for the charge-transfer reactions
between Alqs; and dopants. The observed g shifts depend on the dopants, which can be
explained by the spin-orbit interaction introduced by dopant atoms. The ESR spectrum
of the LiF doped sample was disappeared by changing the cathode metal from Al to Au,
whereas the Cs;CO3; doped sample did not show the cathode-metal dependence. Thus,
ESR spectroscopy can offer the information of doping process in detail from a microscopic
viewpoint.



Downloaded by [University Of Gujrat] at 13:49 11 December 2014

156/[498] D. Son et al.

Acknowledgments

This work was partly supported by a Grant-in-Aid for Scientific Research (24560004) from
JSPS and by JST, PRESTO.

References

[1] Hung, L. S., Tang, C. W., & Mason, M. G. (1997). Appl. Phys. Lett., 70, 152.
[2] Zheng, X., Wu, Y., & Sun, R, et al. (2005). Thin Solid Films, 478, 252.
[3] Kim, K., Hong, K., & Lee, L., ef al. (2012). Appl. Phys. Lett., 101, 141102.
[4] Lin, C., Chou, C., & Chen, Y., et al. (2011). J. Appl. Phys., 109, 083541.
[5] Choudhury, K. R., Yoon, J., & So, F. (2008). Adv. Mater., 20, 1456.
[6] Ding, H., & Gao, Y. (2005). Appl. Phys. Lett., 86, 213508.
[7] Wu, C., Lin, C., & Chen, Y., et al. (2006). Appl. Phys. Lett., 88, 152104.
[8] Cai, Y., Wei, H. X., & Li, J., et al. (2011). Appl. Phys. Lett., 98, 113304.
[9] Zhao, J., Cai, Y., & Yang, J., et al. (2012). Appl. Phys. Lett., 101, 193303.

[10] Huang, J., Xu, Z., & Yang, Y. (2007). Adv. Funct. Mater., 17, 1966.

[11] Son, D., & Marumoto, K., et al. (2012). Synth. Met., 162, 2451.

[12] Son, D., & Shimoi, Y., et al. (2013). Jpn. J. Appl. Phys., 52, 05SDB07.

[13] Mason, M. G., & Tang, C. W., et al. (2001). J. Appl. Phys., 89, 2756.

[14] Wu, C,, Lee, G., & Pi, T. (2005). Appl. Phys. Lett., 87, 212108.



