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Electroluminescence spectra of the devices based on the new zinc complexes of amino-
substituted benzothiazoles and quinolines containing C—N-M-N chains in their chelate
cycles have been investigated. The obtained spectra exhibit strong exciplex bands in
green-yellow region 540-590 nm due to interaction of the excited states of zinc complexes
and triarylamine molecules of hole-transporting layer. For some devices the intrinsic
luminescence band in blue region 460 nm is also observed along with the exciplex band
that results in almost white color of the device emission. The exciplex band can be
eliminated if the material of the hole-transporting layer is not triarylamine derivative.

HccraemoBalbl CHEKTPH 9JAEKTPOJTIOMHHECIIEHTHBIX YCTPOICTB, OCHOBAHHBIX HA HOBBIX
KOMIUIeKCaX IMHKA AMUHO-3aMEeIeHHbIX 0eH30THAa30JI0B U XUHOJNHOB copepsxamux C—N—-M-N
en B UX XeJATHBHIX NUKJIaxXx. O6GHAPYKEHB CUIAbHBIE DKCUIIEKCHBIE TTOJOCHI B JKEJITO-3€e-
HOit obmactu 540-590 HM mupu B3amMOAeHcTBUU BO3OYIKAEHHBIX COCTOSHUI KOMILIEKCA
IUHKA W MOJEKYJBl TPUAPUIAMWHA BIPOYHO-TPAHCIIOPTHOTO cjod. aA HeKOTOPBIX YCT-
pPOHCTB, KpoMe SKCUILJIeKCHOI mosockl, HabII0AaeTCs COOCTBEHHAS TOJ0CA JIOMUHECIIEHIUN B
o6gactu 460 HM, UTO TPUBOAUT K MOUTH 0eJIOMY IIBETY MBJIYUEHUA YCTPOMCTBA. DKCHUILJIEKC-
HafA TI0JIoca MOMKEeT OBITh yOpaHa, ecan MAaTePUaJ ABIPOYHO-TPAHCIIOPTHOTO CJA0A HE ABIAETCS
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IIPOU3BOAHBIM TpHUapHUJIaMWHA.

1. Introduction

In typical organic light emitting devices
(OLEDs) light originates from radiative relaxa-
tion of molecular excited states formed by elec-
trons and holes injected from electrodes and
localized on individual molecular sites. The
phenomenon is interpreted as due to Frenkel
exciton generation and recombination [1, 2]. In
particular, this is applied to the bilayer OLEDs
composed of metal 8-hydroxyquinolates Mq;
(M = Al, Ga, In, or Sc) as an electron-trans-
porting and emitting layer and amines like
TPD as a hole-transporting layer. The elec-
troluminescence (EL) spectra of these de-
vices are close to the photoluminescence
(PL) spectra of corresponding Mqg; molecules
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[1-3]. The similarity of the EL and PL spec-
tra was also observed for zinc complexes
with hydroxy-substituted quinolines, ben-
zothiazoles, oxadiazoles and related ligands
[4-6].

In some bilayer devices, interactions of
donor and acceptor molecules at the or-
ganic/organic interface can lead to forma-
tion of an exciplex state. Exciplex is a kind
of excited state complex formed between
donor and acceptor, with one in the excited
state and the other one in the ground state.
Exciplex usually leads to the red shifted
emission and broadened spectrum relative to
the emissions of the individual acceptor or
donor [7-10]. Exciplex formation at the in-
terface between Alg; and the electron-rich
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Fig. 1. Structures of zinc complexes and materials for hole-transporting layers.

multiple triarylamine hole-transporting ma-
terials m-MTDATA and ¢-Bu-TBATA was
observed in the work [11].

For pure homochromatic OLEDs exci-
plexes should be avoided [10, 12, 13]. On
the other hand, exciplexes were proposed to
design white OLEDs and to tune the OLED
emission color [7, 14-17]. One of the prob-
lems of utilizing the exciplex effects in de-
vices is to find systems with high exciplex
EL efficiency, so design of new materials
and investigation of active factors for effi-
cient exciplex emission is a subject of sig-
nificance.
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In the present work we have investigated
spectral properties of the electroluminescent
devices based on the novel zinc-chelate com-
plexes of sulphanylamino-substituted quinoli-
nes and benzothiazoles [18-21]. The struc-
tures of zinc complexes are shown in Fig. 1.
Most of presently known metal complexes
used for OLEDs contain chelate cycles includ-
ing C-O-M-N chains [1-6, 9—-11]. In the com-
plexes studied here oxygen atom in the
chelate cycles is replaced by nitrogen atom of
sulphanylamino groups forming C-N-M-N
chains. The presence of spatially extended
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Fig. 2(a). EL spectrum of the device 1 ITO/PTA/NPD/Zn(PSA-BTZ),/Al:Ca (1); PL spectrum of
Zn(PSA-BTZ), powder (2); EL spectrum of the device 3 ITO/PTA/NPD/CBP/Zn(PSA-BTZ),/Al:Ca (3);
EL spectrum of the device 5 ITO/PEDOT:PSS/Zn(PSA-BTZ),/Al:Ca (4) (b): EL spectrum of the
device 2 ITO/PTA/Zn(PSA-BTZ)2/AlCa (1); EL spectrum of the device 4 ITO/PTA/CBP/Zn(PSA-

BTZ),/AlCa (2).

electron-rich amine segment in zinc complex
molecule can enhance its ability of intermo-
lecular interactions with the molecules of
hole-transporting layer and hence magnify
the possibility of exciplex forming.

2. Experimental

Electroluminescence was observed for the
layered structures containing the transpar-
ent anode of indium-tin oxide (ITO), organic
hole-transporting layer, luminescence layer
of one of the studied complexes and the
metallic cathode of Al.Ca(b %) alloy. The
hole-transporting materials used were tri-
aryl derivatives — well known NPD and the
oligomer of triphenylamine PTA [22]. Car-
bazol derivatives CBP and PEDOT:PSS were
also used for forming the hole-transporting
layer. Structures of these compounds are
shown in Fig. 1. All the materials are char-
acterized by blue PL 450-470 nm [18-21].
Zinc complexes and PTA were synthesized
as described elsewhere [18-22]. NPD, CBP
and PEDON:PSS were supplied by Aldrich.
All organic layers in the OLED devices (ex-
cept PTA and PEDOT:PSS) were prepared
by vacuum  evaporation. PTA  and
PEDOT:PSS were spin casted from toluene
and aqueous solutions, respectively. EL and
PL spectra were measured with the Ocean
Optics fiber optics spectrometers QE65000
or PC1000. LED with A = 370 nm was used
to excite the PL.

We have prepared and measured EL spec-
tra of the following OLED devices based on
zinc complexes with sulphanylamino-substi-
tuted ligands:
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Device 1: ITO/PTA/NPD/Zn(PSA-BTZ),/Al:Ca;
Device 2: ITO/PTA/Zn(PSA-BTZ),/AlCa (1);
Device 3: ITO/PTA/NPD/CBP/Zn(PSA-BTZ),/
Al:Ca;

Device 4: ITO/PTA/CBP/Zn(PSA-BTZ),/AlCa
Device 5: ITO/PEDOT:PSS/Zn(PSA-BTZ),/
Al:Ca;

Device 6: ITO/PTA/NPD/Zn(TSA-BTZ),/Al:Ca;
Device 7: ITO/PTA/Zn(TSA-BTZ),/Al:.Ca;

Device 8: ITO/PTA/NPD/Zn(POPS-BTZ),/
Al:Ca;

Device 9: ITO/PTA/NPD/CBP/Zn(POPS-
BTZ),/Al:Ca;

Device 10: ITO/PTA/NPD/Zn(DFP-SAMQ),/
AlCa;
Device 11: ITO/PTA/Zn(DFP-SAMQ),/AlCa.
In some devices, both PTA and NPD de-
posited in succession were used as materials
for the hole-transporting layers. In any
case, EL spectrum of the device is deter-
mined by that hole-transporting material
which is in contact with zine complex. The
devices typically are characterized by bias
voltages of light appearance of about 2.5—
3 V and brightness of the order 103 cd/m?2
at 10 V.

3. Results and discussion

EL spectra of OLEDs based on Zn(PSA-BTZ),.
Fig. 2 shows the EL spectra of Zn(PSA-BTZ),
in two electroluminescence devices: device 1
ITO/PTA/NPD/Zn(PSA-BTZ),/Al.Ca (Fig. 2a,
curve 1) and device 2 ITO/PTA/Zn(PSA-
BTZ),/AlCa (Fig. 2b, curve 1). For compari-
son, curve 2 in Fig. 2a shows the PL spec-
trum of Zn(PSA-BTZ), powder. The EL spec-
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Fig. 8. (a) — Normalized EL spectrum of the device 6 ITO/PTA/NPD/Zn(TSA-BTZ),/Al:Ca (1) and PL

spectrum of Zn(TSA-BTZ), powder (2);

(b) — Normalized EL spectra of the device 7 ITO/PTA/Zn(TSA-BTZ),/Al:.Ca for bias voltages 3.5 V
(curvel), 4.0, 4.5, 5.0, 5.5 V (curves 2) and 6.0 V (curve 3 ).

trum of the device 1 contains two bands
with maxima at 460 and 560 nm. Maximum
of the first band is close to that of PL peak
of Zn(PSA-BTZ), powder at 450 nm and may
be attributed to the intrinsic luminescence
of Zn(PSA-BTZ),. The second peak may be
probably explained by exciplex formation
between NPD and Zn(PSA-BTZ),. For the de-
vice 2, the EL spectrum exhibits only wide
band with maximum at 553 nm which may
be attributed to exciplex formation between
PTA and Zn(PSA-BTZ),.

Exciplex can be formed between the
ground state of a donor molecule and the
excited state of an acceptor molecule [7]. In
our case a donor molecule is presented by
NPD or PTA and an acceptor molecule by
Zn(PSA-BTZ), complex. Exciplex band corre-
sponds to the transition from the excited
state of the acceptor and the ground state
of the donor and has lower transition en-
ergy compared to the intrinsic emission
band corresponding to the transition be-
tween the excited and ground state of the
acceptor molecule [7].

Combination of narrow intrinsic band
and wide exciplex band gives very wide
emission spread over the whole visible spec-
trum which is a way to obtain white light
emitting diodes [7, 14-17, 19-21]. For the
device 1, the CIE chromaticity coordinates
are x = 0.31, y = 0.34 which is close to that
of white light (x = 0.33, y = 0.33).

Elimination of exciplex emission for the
devices based on Zn(PSA-BTZ),.

To prove the exciplex origin of the long
wavelength EL, we have fabricated several
control devices in which the long-wave EL
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bands are eliminated. One of the methods
for preventing exciplex emission is the in-
sertion of an additional layer between the
hole-transporting and electron-transporting
materials [9, 10, 12, 13]. CBP is considered
as one of the materials appropriate for such
layers [10]. We have fabricated two control
devices with CBP as intermediate layer:
ITO/PTA/NPD/CBP/Zn(PSA-BTZ),/Al:Ca
(device 38) and ITO/PTA/CBP/Zn(PSA-
BTZ),/AICa (device 4). Fig. 2 shows the EL
spectra of the devices 3 and 4 (Fig. 2a,
curve 3 and Fig. 3b, curve 2, respectively).
In both cases, the EL spectra contain no
wide band around 560 nm and exhibit only
one band in blue region with maximum at
471 nm (device 3) and 469 nm (device 4)
which may be attributed mainly to the in-
trinsic emission of Zn(PSA-BTZ), complex.
Similar result on eliminating the exciplex
EL by introducing the intermediate CBP
layer is described below for Zn(POPS-BTZ),
based OLEDs.

It should be noted that NPD and PTA as
well as many other materials usually used
to form the hole-transporting layer are the
derivatives of triarylamines. One may sup-
pose that the interaction of nitrogen atoms
in amino groups of the hole-transporting
molecules and amino groups of zinc com-
plexes (due to their spatial overlap) deter-
mines the exciplex formation in the studied
systems. Evidence in favor of this supposition
comes from our results on using other mate-
rials for hole-transporting layers different
from triarylamine derivatives. Curve 4 of
Fig. 2a shows the EL spectrum of the device
ITO/PEDOT:PSS/Zn(PSA-BTZ),/Al:Ca  (de-

205



S.L.Nikitenko et al. /| Exciplex electroluminescence ...

vice 5) where the hole-transporting layer is
presented by PEDOT:PSS, a hole injecting
and transporting material which does not
contain nitrogen atoms at all. This spec-
trum does not contain a wide band around
560 nm and exhibits only one band with
maximum at 466 nm which is close to
Zn(PSA-BTZ), powder PL band (450 nm) and
may be attributed mainly to the intrinsic
emission of Zn(PSA-BTZ), complex. One may
suppose that the formation of exciplex in
this case is suppressed by the absence of
nitrogen atoms in the hole-transporting
layers.

Commonly, the reason of preventing ex-
ciplex emission by changing the hole-trans-
porting material is argued to be the relation
between energy levels of donor and acceptor
molecules. Materials like CBP with low
HOMO (highest occupied molecular orbital)
energy level are considered as appropriate
ones [9, 10, 12, 13]. Really, the HOMO level
of CBP is 6.1-6.3 eV below vacuum level
[28—25] which is appreciably lower than
that of NPD (5.2-5.7 eV [24, 26, 27]). On
the other hand, highest occupied energy
level of PEDOT:PSS is 5.2 eV below vacuum
level [28] which does not differ from that of
NPD. So, the fact that NPD produce exci-
plexes with the studied complexes and CBP
and PEDOT:PSS do not may be explained
not only by positions of energy levels but
also by other reasons. Good spatial overlap
of donor and acceptor molecular orbitals
seems to be one of the most important fac-
tors promoting the formation of exciplexes.

From this point of view, molecules with
amino-groups are most appropriate for exci-
plex formation because of high electron den-
sity at nitrogen atoms. Zinc complexes stud-
ied in the present work contain amino-
groups bonded to metal atom and produce
exciplexes in pair with triarylamine mole-
cules NPD and PTA. Note that the analogs
of our complexes containing oxygen atom
bonded to metal such as Mqz, Zng,,
Zn(BTZ), do not exhibit exciplexes in their
EL spectra when triarylamine hole-trans-
porting materials like NPD or TPD are used
[1-6]. At the same time, the derivatives of
Algs containing amino-groups bonded to qui-
noline species exhibit EL exciplex bands for
the devices with NPD [10].

EL spectra of OLEDs based on Zn(TSA-BTZ),

Fig. 3 shows the EL spectra of Zn(TSA-
BTZ), in two electroluminescence devices:
device 6 ITO/PTA/NPD/Zn(TSA-BTZ),/Al.Ca
(Fig. 3a) and device 7 ITO/PTA/Zn(TSA-
BTZ),/AlCa (Fig. 3b). In both cases, inten-
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Fig. 4(a). Normalized EL spectra of the de-
vice 8 ITO/PTA/NPD/Zn(POPS-BTZ),/Al:Ca:
1 — for bias voltages 4.0 V (a curve), 4.5,
5.0, 5.5 V (b curves) and 6.0 V (¢ curve);
2 — EL spectrum of the device 9
ITO/PTA/NPD/CBP/Zn(POPS-BTZ),/Al:Ca

Apmax = 460 nm (intrinsic emission).

sive exciplex EL bands are observed in yel-
low region with maxima around 585 nm.
Only weak shoulder in the region of intrin-
sic Zn(TSA-BTZ), emission at about 460 nm
is observed. For the device 7, the EL spec-
tra are shown for different bias voltages
from 3.5 V to 6.0 V. A small continuous
growth of intrinsic emission relative inten-
sity is observed. A small blue shift of exci-
plex band maximum from 585 nm at 3.5 V
to 575 nm at 6.0 V is also observed. This is
in contrast with previously reported strong
dependence of exciplex bands positions on
bias voltages [11].

EL spectra of OLEDs based on Zn(POPS-BTZ),

Fig. 4 shows the EL spectra of Zn(POPS-
BTZ), in the device ITO/PTA/NPD/Zn(POPS-
BTZ)2/Al.Ca (device 8). Strong exciplex band
in green region with the maximum at about
540 nm and shoulder at about 460 nm due
to intrinsic emission of Zn(POPS-BTZ), are
observed. The EL spectra are shown for dif-
ferent bias voltages from 4.0 V to 6.0 V. A
small continuous growth of intrinsic emis-
sion relative intensity and a small blue shift
of exciplex band maximum from 545 nm at
4.0 V to 535 nm at 6.0 V are also observed.

Similar to the devices based on Zn(PSA-
BTZ), the exciplex band can be eliminated by
introducing the intermediate layer of CBP be-
tween NPD and Zn(POPS-BTZ),. The EL spectrum
of the device ITO/PTA/NPD/CBP/Zn(POPS-
BTZ),/Al:Ca (device 9) is shown in Fig. 4
(curve 2). The exciplex band in the region
of 540 nm is absent and only the intrinsic

Functional materials, 19, 2, 2012
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Fig. 5. EL spectra of the devices 10
ITO/PTA/NPD/Zn(DFP-SAMQ),/AlCa (1) and
11 ITO/PTA/Zn(DFP-SAMQ),/AlCa (2) and PL
of Zn(DFP-SAMQ), powder (3).

emission of Zn(POPS-BTZ), at A,,. =
460 nm is observed.

EL spectra of OLEDs based on Zn(DFP-SAMQ),

Fig. 5 shows the EL spectra of Zn(DFP-
SAMQ), in the devices ITO/PTA/NPD/Zn(DFP-
SAMQ),/AlCa (device 10, curve 1) and
ITO/PTA/Zn(DFP-SAMQ),/AlCa (device 11,
curve 2). For comparison, the PL spectrum
of Zn(DFP-SAMQ), powder is shown (curve
3). Exciplex bands with maxima at about
560 nm are observed in the EL spectra, no
intrinsic emission is observed.

4. Conclusions

The novel zinc-chelate complexes of sul-
phanylamino-substituted quinolines and
benzothiazoles are proper materials for
OLEDs with efficient exciplex emission giv-
ing rise to white OLEDs and OLEDs of dif-
ferent colors including blue, green and yel-
low. Exciplex emission can also be observed
in PL spectra of the films containing blends
of zinc complex and hole-transporting mate-
rial. Material of hole-transporting layer is
crucial for efficiency of exciplex formation.
Triarylamine derivatives seem to be the
most proper materials for exciplex forma-
tion. This may be due not only to positions
of energy levels but also to good spatial
overlap and high electron density on amino-
groups of both zinc complex and triary-
lamine derivatives.
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EKcHUIIEKCHI CIEKTPH eJIEKTPOJIOMiHECI[eHI[il HOBUX
OpPraHiyHHX MaTepiajiB Ha OCHOBI IIMHKOBHUX
KOMILJIEKCIB cyab(paHiIaMiHO3aMillleHUX JIITaHTiB

C.JI. Hiximenko, C.C.Kpacnixoea, M. I''Kannynos,
I.K . Arxywenkxo

HocmimKeHO CHEKTPU €JeKTPOJIOMiHECIIeHTHUX TPUCTPOIB, 3aCHOBAHUX HA HOBUX KOM-
naeKcax amimosamimnieHux 6eHsoTiasomiB i xiHosminie, aki MicTars C-N-M-N naniiorn B ix xenar-
HUX INWUKJAX. BUABIEHO CUJIBbHI SKCHUILIEKCHI CMyTHM y (KOBTO-3ejeHiit obaacti (540-590 mm)
cIeKTpa TPU B3aeMOJil 30ymKeHUX CTaHIiB KOMILIEKCY IUHKY i MOJIeKyJau TpUapuIaMiHy
MiPKOBO-TPAHCIIOPTHOTO TIapy. Had AeAKWX TPUCTPOIB, KPIM €KCUIJIEKCHOI CMyTH, TaKoK
crocTepiraeThes BJacHA cMyra JioMiHecieHIii B obsacti 460 mM, 1110 TPUBOAUTHL A0 MailiKe
6iJIoT0 KOJBOPY BUIIPOMIHIOBAHHS TpucTpoio. EKcHIIeKCcHA cMyra MosKe OyTH mpudpana,
AKIIO MaTepiaa AipKOBO-TPAHCHIOPTHOTO IMIAPY HE € MOXiAHUM TpUapUIaMiHy.
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