LJISM

Source of Knowledge

International Journal of Innovation in Science andMathematics

Volume 4, Issue 6, ISSN (Online): 2347-9051

Study on Highly Efficient Carrier Injection into Wi de-
bandgap Active Layers in Organic Light-emitting
Diodes

Masato Osum, Akira Matsuoka, and Naoki Ohtani
Department of Electronics, Doshisha University, ydapan
ohtani@mail.doshisha.ac.jp

Abstract — Carrier transport properties in organic light-
emitting diodes (OLEDs) containing wide-bandgap aéte
layers were studied for application to ultraviolet light
emitters.  3-(Biphenyl-4-yl)-5-(4-tert-butylphenyl)-4—phenyl-
4H-1, 2, 4-triazole (TAZ) was used as an emissiveaterial,
whose emission wavelength is about 382 nm. The tigplayer
structure samples in which TAZ was sandwiched by ettron-
and hole-transporting layers revealed the undesiredonger
wavelength emissions originating from the exciplex
emissions. Consequently, we found that the quadrupllayer
structure samples consisting of an intermediate hetinjection
layer between TAZ and the hole-transporting layerscan
suppress the exciplex emissions. In addition, thexternal
quantum efficiency was drastically improved by chaging the
material of the electron-transporting layer due to the
improved electron injection and the hole-blocking fect
leading to the large accumulation of holes in TAZ.

Keywords — Organic Light-emitting Diode, Carrier
Transport, Wide-bandgap, TAZ.

|. INTRODUCTION

[I. EXPERIMENTAL

A. Sample Fabrication

3-(Biphenyl-4-yl)-5- (4-tert-butylphenyl)- 4—phergH-
1, 2, 4-triazole (TAZ) was used as an emissive izt
the active layer, whose bandgap was about 3.9 e¥. W
confirmed that the emission wavelength of TAZ isthe
ultraviolet regime of 382 nm by the photoluminesmen
(PL) measurement. 4, '\4 4'-Tri (N-carbazolyl)
triphenylamine (TCTA) and N, N‘-Di (1-naphthyl)-NN'-
diphenylbenzidine o-NPD) were used as hole-
transporting materials, while the following threifetent
materials, 2, 9-Dimethyl-4,  7-diphenyl-1, 10-
phenanthroline (BCP), 4, 7-Diphenyl-1, 10-phenavithe
(Bphen), and (2, 2', 2"- (1, 3, 5-Benzinetriyl)stri1-
phenyl-1- H-benzimidazole) (TPBi) were used astebee
transporting materials. In addition, a 4, 4-Bis(N-
carbazolyl)-1, 1-biphenyl (CBP) was used as an
intermediate hole-injection material to improve thae-
injection into the active layer. All organic layergere
vacuum-deposited on indium-tin-oxide (ITO)-coated

Since the innovation of organic light emitting désd cleaned Si@ substrates [11]. Finally, aluminum (Al) and
(OLEDs) [1], they have been energetically studied f | g were deposited as the cathode metal.
application to novel flat panel displays [2-4] and e fabricated the two kinds of OLEDs. Figure 1 show
illumination light sources [5-7], because OLEDs arghe schematic illustrations of cross-sectional demp

expected to have advantages over inorganic LE@b, asi
brightness, energy-saving, low-cost production,

flexibility. These studies focused on the OLEDsragiag
in the visible light regime. Recently, some studiesthe

structures. The sample of Fig. 1(a) consists ofehr

a”éirganic layers; the electron-transporting layer L(EBf

BCP, the active layer of TAZ, and the hole-trantpgr
layer (HTL). We usedi-NPD and TCTA as a HTL and

fabrication of OLEDs operating in the ultravioletgime compared their electroluminescence (EL) propert@s.
have been performed [8, 9]. However, the observefle other hand, the sample of Fig. 1(b) consistéoof

external quantum efficiencieg) of them were 0.8%][8]

and 3.1% [9]. These results were smaller than tiat

AlGaN-based LED [10], in which thge of 10.4% was
reported, nevertheless the emission wavelength thes
deep-ultraviolet of 278 nm. The efficient carrigjection
into wide-bandgap emissive materials ought to Iffecdlit

organic layers; the ETL, the active layer of TAZ4) a
intermediate hole-injection layer (IML) of CBP, ahiiL

of TCTA. We used BCP, Bphen and TPBi as an ETL and
compared their EL properties. Consequently, we
fabricated the following five samples,

A: ITO/a-NPD / TAZ /BCP/ LiF / Al,

in both inorganic- and organic-LEDs. However, thesg: |TO/ TCTA/TAZ /BCP/ LiF / Al,

results imply that the research on the carrier spart
properties in OLEDs has been insufficient. In thisdy,

C: ITO/TCTA/ CBP / TAZ /IBCP/ LiF / Al
D: ITO/TCTA/CBP/ TAZ | Bphen/ LiF / Al

we fabricated OLEDs consisting of the wide-bandgap: ITO/TCTA/CBP/TAZ/ TPBIi/ LiF / Al.

active layer operating in the near ultraviolet negi To
improve the carrier injection into the active lgygiple-

Samples A and B correspond to Fig. 1(a), while the
other three samples correspond to Fig. 1(b).

and quadruple-structure OLEDs consisting of eleetrog  Measurement Setup

and hole-injection layers and
injection layer were studied.

an intermediate hole- the E| spectra and the, were recorded using a multi-

channel spectrometer (Hamamatsu Photonics PMA-12
C10027-02), a source meter (Keithley 2400) and an
integrating sphere unit (Hamamatsu Photonics A1p094
Current-voltage characteristics were measured using
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semiconductor parameter analyzer (Agilent 4155@). Rvisible light regime. Moreover, their intensitiesea
spectra were recorded using a multi-channel spatipe  stronger than that of TAZ. To assign the origintloése
(Ocean Optics USB-2000), and a pulseddser was used emissions, we discuss the carrier transport prigseit
to photoexcite the samples. All measurements wesamples A and B on their energy band diagrams shiown
performed in the atmosphere and at room temperature Fig. 4. The most important difference among therthés
discontinuity of Highest Occupied Molecular Orbital
Ill. RESULTS AND DISCUSSION (HOMO) levels between TAZ and HTL. In the case of
sample A, this discontinuity is about 1.2 eV, whislarge
A. PL Spectra of Seven Low-weight Molecular en(_)ugh to suppress the effec’give .hoIe-injectiqm) ithte
Materials active layer of TAZ as .sh.own in Fig. 4(@). Th|sdeao
We used seven low-weight molecular materials atgle\lIlgaégEfl_ﬁ[rsmf[ﬂteO;l;:gr'sg;egf?nﬂg's?gﬁg ?alfn%eogk ca
explained in 2.1. The observed EL spectra may tev . attributed to the emission fraNPD.

multi-peaking-wavelengths, because all the sev . Lo

materials are emissive materials and the sampéesiple- le Igléhsefaesgnofr As;maﬁlde T%‘rt,zesd:bi)oquglgz\?f T}%’;}AO

and quadruple-layer structures consisting of th&hus, s%aller th\zlj\vn that of sample A Tlh's meL:ans.that 'IW :

we have to know the emission wavelengths of thersev - : pie A. 1N ) o

materials to assign the origin of the observed Eilltim were injected into TAZ, leading to the ultraviolhission

peaking-wavelengths. Figure 2 shows PL spectrahef ¢t arqund 380 nm from TAZ. On the_other ha_nd, the
undesired longer wavelength emissions in the \adiight

seven materials studied. In addition, all the olesrPL regime were most likely caused by the exciplex hat t
peaking-wavelengths of the seven materials aredligt interface between TAZ and TCTA.

Table 1, extracted from the PL spectra shown in Eig

The emission wavelength of TAZ was 382 nm, which it , 10 T
the shortest in this group. 2 osh _
2]
£
LiF (0.5 nm) | LiF(0.5nm) = | B
BCP (50 nm) ETL 3 041 F
TAZ (50 nm) TAZ(50nm) % ’
CBP(30nm) g 02 =
HTL (50 nm) TCTA(20nm) 2
ITO substrate [___ITO substrate | 0.0 | ! 1 | | -
(@) (b) 350 400 450 500 550 600 650 700
Fig. 1. Schematic illustrations of cross-sectigahple Wavelength [nm]
structure. (a) consists of three organic layersc@bsists (b)
of four organic layers. Fig. 3. Normalized EL spectra of samples A and Bmh

the applied voltage is 12 V.

by g 22870 27ev
o -
~ ; . 32eV O
z \\ & ITO N T LiF/Al
g | a7ev | B | 4| B |31V
= \ : 4 O EETEE C

— e r—— i | 54eV OI P

700 Potential barrier 6.7eV
Wavelength [nm] 12eV eney

Fig. 2. PL spectra of materials studied.

Table 1. Observed PL peaking-wavelengths of thersev

materials extracted from the PL spectra shown gn Ei 235eVQ 5 7ey
TAZ | a-NPD| TCTA| CBP| BCP Bphen TPBi T 2 32¢V O
Peak| 382 | 448 | 397 | 396 411] 395 | 392 ITO p€ T 3.0 eV
(nm) 4.7ev || F Al B | LiF/Al
— A 7zl C
B. EL Properties of Samples Aand B 57eV C P

Figure 3 shows EL spectra of samples A and B. The il 1. =7 eV
peaking-wavelength of sample A is about 440 nm, not ' '
corresponding to the emission of TAZ. On the othend, 0.9 eV
EL spectrum of sample B reveals the peaking-wagtten i

at around 380 nm. This can be assigned to origiate Fig. 4 Schematic illustrations of energy band diagrams of
the emission of TAZ. However, the EL spectrum ofipie 9.4 )% g
(a) sample Aand (b) sample B.

B reveals the undesired two peaking-wavelengththén
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Figure 7 shows EL spectra of the three samples,@nd

E when the applied voltage was 12 V. It is obvithet the
emission intensity of about 380 nm originating fra¥Z
becomes the maximum in sample E (TPBi). The EL
intensity of sample E is about ten times largentkize
other two samples. Figure 8 (a) shows the curreliaége
characteristics of them. The current injection feé three

L GbeV
63ev 70¢ samples at 12 V is almost equal. Thus, fleof sample E

Fig. 5.Alignment of energy bands of TAZ, CBP, and

TCTAIn sample C. was also improved. Figure 8 (b) shows thg—voltage

characteristics of them. The observgd of sample E was

C EL Properties of Sample C about 0.7% WhiCh. is about seven times larger ththero

To reduce the exciplex emissions of sample B, vesl ustwo samples. In this case, the luminance was 308°cd
the IML of CBP between TAZ and TCTA to improve the 12/ T I T T | I b
hole-injection from TCTA to TAZ. The discontinuityf
HOMO levels between TCTA and TAZ was expected to b
reduced, because the HOMO level of CBP locatesdsstw
TCTA and TAZ as shown in Fig. 5. The EL spectrum o
sample C was shown in Fig. 6. It is very clear et
longer wavelength emissions observed in sample & we
drastically reduced and the observed peaking-wagéthe
is only at around 380 nm. This result clearly irdiés that . n . . |
the hole-injection into TAZ in sample C was drestic 350 400 450 500 550 600 650 700
improved and the emission was caused only in thigeac Wavelength [nm)]

layer of TAZ. However, the observegi, of sample C was Fig. 7. EL spectra of samples C, D, and E when the

about 0.1%. applied voltage is 12 V.
The emission wavelength of sample C corresponds to

the PL peaking-wavelength of TAZ. However, the

EL intensity [a.u.]

(=T A - -]

emission from the adjacent CBP layer was not gfear 121 7
observed, nevertheless the energy bandgap of CBP = 10~

narrower than that of TAZ as shown in Fig. 5. One g 8- —BCP

possible cause is the large layer thickness of TAZe g s —— Bphen

almost electrons injected to TAZ disappeared duthéo E Al —— TPBi

radiative recombination in TAZ, because the thideef

TAZ is 50 nm; this is probably enough to consume th E; | . _ .

amount of injected electrons. Then, the remainin
electrons were injected into the adjacent CPB Jaye
resulting in the weak emission. In addition, thiekhess Valtage [V]
of CBP layer is 30 nm; this is thinner than TAZsal (@)
leading to the weak emission from CBP. The PL pagki
wavelength of CBP is 396 nm (Table 1), which isselto
the emission of TAZ. Thus, the weak EL emissiommfro
CBP may be screened by the strong emission from. TA.
Consequently, the main EL emission of sample C we

caused in TAZ.
1.0

; ml
0 2 4 6 8 10 12 14 16

T T T T ki

external quantum efficiency [%o]

- ul T T T T T T i
5 0.8
;'_5, 0.6
=4}
T 04
% Voltage [V]
5 0.2
Z o0 (b)
350 400 450 500 550 600 650 700 Fig. 8. (a) Current-voltage characteristics andjl}
Wavelength [nm] voltage characteristics of samples C, D and E
Fig. 6. Normalized EL spectra of samples B and @wh :
g the appliecl?voltage is 12|OV The energy band diagrams of samples D and E are
' shown in Fig. 9 to discuss the carrier transferbath
DEL Properties of Samples D and E samples. The most important difference among thseting

alignment of Lightest Unoccupied Molecular Orbital

To improve the intensity of the ultraviolet emissioom |g_UMO) levels of TAZ and ETL. In sample D, the

TAZ, we used Bphene and TPBi as ETL instead of BC
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discontinuity of LUMO levels between TAZ and Bphene

is 0.3 V, by which some electrons were preventetdge
to TAZ. On the other hand, the alignment of LUM@dks
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electron-injection into TAZ was not prevented. tiddion,
TPBi also works as a hole-blocking layer, because t
HOMO level of TPBi locates below that of TAZ. This
results in the accumulation of holes in TAZ as veallthe
large external quantum efficiency. On the otherdhahe [y
HOMO level of Bphene locates above that of TAZ as
shown in Fig. 9. Thus, Bphene does not work astile- [
accumulation layer, resulting in the weak EL enaissi
from TAZ. These results clearly indicate that tregrier |3
injection into the wide-bandgap emissive layer was
improved, resulting in the strong ultraviolet erross

2356V 27V

ey 3.0eV
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[ e |
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Fig. 9. Energy band diagrams of samples D and E. Th
yellow arrows indicate the radiative recombinatuaths
between electrons and holes.

[11]

V. CONCLUSION

High efficiently carrier injection into the wide-bdgap
emissive material TAZ was realized by the discussin
the carrier transfer properties in multilayer OLEO®
suppress the undesired emissions in the visiblat lig
regime, the intermediate hole-injection layer of C®as
introduced between the hole-transporting layer #rel
active layer. In addition, the electron-transpaytiayer of
TPBi works also as a fine hole-blocking layer, ttsg in
the improved electron-injection and hole-accumatatin
the active layer. Consequently, the external quantu
efficiency was drastically improved. This demontssa
that high performance OLEDs operating in the ulolkey
regime were successfully fabricated.
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