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White organic light-emitting devices with CdSe/ZnS quantum dots
as a red emitter
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White hybrid organic/inorganic light-emitting devicdsEDs) have been fabricated by using stable
red-emitting CdSe/ZnS core-shell quantum d@@Ds) covered with a trioctylphosphine oxide
organic ligand. The device-active structure consists in a host/guest system with a blue-emitting
poly[(9,9-dihexyloxyfluoren-2,7-diytalt - co -(2 - methoxy- 5{2-ethylhexyloxyphenylen-1,4-diyl]
(PFH-MEH) polymer doped with red-emitting QDs and a green emitting metal chelate complex
Algs;, with improved electron injection and transfer properties. A fairly pure white OLED with
Commission Internationale de I'Eclairage coordinates(@f30,0.33 is fabricated by accurate
control of the Forster energy and charge-transfer mechanisms between the different device
constituents obtained by tuning the concentration ratio of the QDs/PFH-MEH blend. In particular,
charge-transfer processes to CdSe/ZnS core-shell quantum dots are found to be the key element for
well-balanced white emission. Maximum external quantum efficiency up to 0.24% at 1 A cm
and 11 V in air atmosphere are reported, showing that hybrid LEDs can be a promising route
towards more stable and efficient light-emitting devices for lighting application0@ American
Institute of Physicg DOI: 10.1063/1.1921341

I. INTRODUCTION sion by exploiting two mechanisms, namely, Forster energy
transfet’*° and charge transféf:?! In the Forster mecha-

White organic light-emitting device€OLEDs) have at-  pism, dipole—dipole coupling results in a nonradiative trans-

tracted much interest for their potential applications in flat,fo; of the singlet excited-state energy from a donor molecule

large area displa;?sa_nd recently in the lighting industry. S0, 4 acceptor molecule. In the charge-transfer mechanism,
far, a number of white OLEDs have been fabricat€dTo  ,, oycited guest molecule is formed by the sequential trans-

ob':jalgl whge “g?t’ S" the (;hre(; pqma&y coIo(:Ted,Sgreen.,t . fer of separate hole and electron charges to the guest mol-
and blug have to be produced simultaneously. Since i Secule from different host molecules in the surrounding ma-

difficult to obtain all primary emissions from a single mol- | . .
o P Y . hgle trix. All these processes have to be accurately controlled in
ecule, excitation of more than one organic species is often . ) X
order to obtain white electroluminescence.

necessary, thus introducing color stability problems. Due to Here, we report a hybrid white light-emitting device

the different degradation rate of the employed organic Combased on a blend of pdp.9-dihexyloxyfluoren-2,7-diyt

pounds, the emission color of the device can, in fact, changé .

with time. Recently, several groups have reported the use Itl;lt_:'ol\-/fé-methdoxC):/(;g{Z/-Zetgylheryloxgphelnylen-1f,4-ldlyl]t

11-VI semiconductor nanocrystals, such as CdSe, in combi-( ', H an e/ZnS Q S and a fayer o Altha ,

nation with polymers, in the fabrication of LESS The combines the case of processbility of polymer materials,
good electron transfer and injection properties, and efficient

CdSe semiconductor quantum dd®@Ds) exhibit a size- ) X
dependent color variation due to quantum confinement efiuminescence of metal chelate complex@dgs) with the
narrow-band emission and color stability of QDs. A fairly

fects, which covers almost the whole visible rafgaddi- i ) ol :
tionally, the fluorescence efficiency and, in particular, thePure white. OLED with Commission Internationale de
stability of the nanocrystals can be greatly improved by'Eclairage (CIE) (0.30,0.33 and electroluminescendé&L)
modifying the particle surface. These characteristics can bgfficiency of 0.24%, to our knowledge the best value so far
merged with peculiar properties of organic materials, such akeported for hybrid white light-emitting diodes based on
flexibility and ease of processing, to give rise to a novel clas§Ds, is realized via incomplete energy and charge transfer
of low-cost hybrid white-emitting devices with improved by tuning the concentration ratio of the QDs/PFH-MEH
lifetime and color stability>~® However, despite the prom- blend. Both the emission mechanisms have been investigated
ise of these systems, so far, fewer studies have been reportey carrying out photoluminescence and electroluminescence
on hybrid white light-emitting devices based on QDs and theneasurements on active structures with different QDs/PFH-
emission mechanisms not yet deeply investigated. Host-gueMEH ratio. We demonstrated that a balanced white emission
systems are typically employed to obtain white light emis-is obtained in hybrid ternary systems PFH-MEH:QDs/Alq
when Forster energy transfer in the guest-host system is ac-

JAuthor to whom correspondence should be addressed; electronic maif?omp“Sh_ed by Charge_ tranSfe_r from PFH-MEH and Alg
gigli@mailing.unile.it QDs during the electrical excitation.
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FIG. 1. (a) Absorption(left) and photoluminescendeght) spectra for PFH- PLE f d hin fil d
MEH (dash, Algs (dot), and QDs(solid); (b) chemical structures of com- cence( ) _measurem_ents were per _Orme on thin films an
ponents and possible energy-transfer charge-transfer pathways. CHCI; solutions by using a Cary Eclipse fluorescence spec-
trophotometer with an intense xenon flash lamp. Absorption
(abg measurements were carried out using a Cary 5000
_ UV-Vis spectrophotometer. The elctroluminescendel)
A. Synthesis of CdSe/ZnS core/shell QDs spectra were measured by an Ocean optics GSR000
The CdSe/zZnS QDs were prepared according to standardpectrometer. Vqltage-Iu_mlnance-current charactenstlc_s were
procedur§.2'23 measured by using a Keithley source measurementkiait
thley 2700 and Keithley 240Qvith an amplified silicon pho-
todiode (RS 303-674, HamamatsuAll the measurements
were performed at room temperature in air atmosphere.

Il. EXPERIMENT

B. Fabrication of hybrid electroluminescence devices

The chemical structures of the active materials used inll. RESULTS AND DISCUSSION
the devices and a schematic diagram of the device structure
are shown in Figs. (b) and 3a), respectively. Devices con-
sisting of ITO//PEDOT-PSS//PFH-MEH:CdSe/ZnS//
Alg,//Ca/Al were fabricated as follows. A hole-transporting
layer (100 nm) of poly(3,4-ethylenedioxythiophene
poly(styrenesulfonaje (PEDOT-PS$ used to lower the
hole-injection barrier at the indium tin oxidéTO) surface,
was spin-deposited onto the cleaned ITO-coated glass sub-  kegrsier= 74 (Ro/1)°,
strate(120 nm, 15Q)). The layer was then heated at 110 °C
for 10 min. Then, a layer of a 5-nm-sized CdSe/ZnS QDs s 7 )
and PFH-MEH polymer blend100 nm was spin coated RO‘O‘J Fa(»)ea(v)rdv,
from a chloroform solution on the surface of the PEDOT- 0
PSS. QDs concentration was calculated using the Lamberiwhere 74 is the lifetime of the donor in the absence of the
Beer law: A=¢LC, where A is the absorption peak for a acceptorr is the distance between the donor and acceppr,
given sampleC is the molar concentratiotmol/1) of the s the Forster radius, arfgj(v) ande,(v) are the fluorescence
nanocrystalsL is fixed at 1 cm, ang is the extinction co- and extinction spectra of the donor and acceptor, respec-
efficient (5.94X 10° I/mol cm is measured at first exciton tively. According to this expression, the necessary condition
peak; the diameter is 5.11 Nt Finally, 10-nm-thick layer for Forster transfer occurance is not a negligible overlap of
Algs, acting as electron-injecting/electron-transferring andthe acceptor absorption and donor photoluminescence spec-
electron-emitting material, and a 50-nm-thick Ca cathoddra and a maximum distance between the two constituents of
covered with a 150-nm-thick Al layer were deposited by30-50 A. Both these conditions are verified for the host/
thermal evaporation at a pressure ok 40°° mbars. Three guest system PFH-MEH/CdSe:ZnS QDs, in which the two
devices with a different concentration ratio of the PFH-components are closely intermixed in the blend and show
MEH/QDs blend constituents and a reference one withousubstantial abs and PL spectra oveflsge Fig. 1a)]. A clear
the Alg; layer were fabricated. spectral overlap between the PFH-MEH emission and the

Host-guest systems are typically employed to obtain
white light, i.e., a higher-energy-emitting host mateii@o-
nor) is doped with lower-energy-emitting guest materials-
ceptop to promote energy transfer from the host to the guest.
The rate of this energy transfer and Forster radiase given

in the following expressions:
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FIG. 3. (a) The device configuratior(b) proposed energy-level diagram of

the device ITO/PEDOT-PSS//PFH-MEH:CdSe/ZnS/iMga/Al. ' -
mechanisms from the blue-emitting polymer and green-

i . emitter Alg; to the lower-energy-emitting species QDs. In
QDs absorption and between the AIFL and QDs abs is  n4icylar, in the case of electrically driven devices, in addi-
also observed. The possible Forster energy-transfer pathwayg, 14 the Forster energy transfer, several charge-transfer
between different components are indicated in Fi).1In  atways can occur. Possible pathways leading to emissive
order to obtain white emission, all these processes have t0 Rt are shown in Fig. 5.
accurately controlled and, in particular, incomplete energy 110 physical basis for a charge transfer was studied ex-
transfer from the host PFH-MEH to CdSe/ZnS QDs has 10 bggqjyely by Marcug® and a first-order model of the rate of
induced. To this aim a detailed characterization of the emiSganster between the donor and acceptor molecule is given in
sion mechanisms has been performed by the photolumines-
cence(PL) and photoluminescence excitatigRLE) mea- ket = vo Xd— B(r — ro) Jlexp(AG /KT),
surements on bilayers of PFH-MEH:CdSe/ZnS/iAkgjth a
relative concentration of PFH-MEH/QDs of 100(Eig. 2.  where, is a collision frequency; is the distance from the
Two emission bands at 635 and 420 nm are observed whildonor to the acceptof§ andr, are measures of the electronic
exciting at 370 nm, which originate from the CdSe/ZnS QDscoupling between the donor and acceptor, @@’ is the
and PFH-MEH, respectively. Negligible emission is insteadfree-energy barrier. Since the hopping mechanism requires
observed from Alg The weakness of the QDs and Alg overlap of the molecular orbitals of the donor and host mol-
band evidences the excessive PFH-MEH concentration andexules, charge transfer is typically limited to a maximum
limited energy transfer to the two low-energy-emitting spe-distance of 5-10 A. Such distances exist between blended
cies. PLE spectra with detection wavelengths fixed at 420PFH-MEH and QDs and at the interface
and 630 nm, corresponding to the emission peaks of PFHAIq;/PFH-MEH:QDs. However, in core-shell QDs the
MEH and CdSe/ZnS QDs, respectively, overlap the absorpligands which is bind to the nanocrystal surface act as barri-
tion of PFH-MEH, showing that the emission of CdSe/ZnSers to electron charge transfer in the semiconductor core.
QDs originates mainly from the excitation energy transferredrhus, we expect an efficient electron charge injection in QDs

from PFH-MEH. only at the interface with the Algwhich is characterized by
Electroluminescence measurements have been carrieduch higher electron transporting and injecting properties.
out on ITO//PEDOT-PSS//PFH-MEH:CdSe/ZnS//4lq In order to achieve white EL emission, the different

Ca/Al structuregsee Fig. 83)]. In Fig. 4 the EL spectra for color components have to be accurately balance by control-
different PFH-MEH:CdSe/ZnS concentration ratios are reding both the Forster energy-transfer and charge-transfer
ported. Contrary to the PL spectrum when a 100:1 ratio isnechanisms. To this aim we fabricated devices with different
used, a strong quenching of the PFH-MEH emission and aRFH-MEH:QDs concentration ratios, namely, 200:1 and
increase of the Algand QDs bands is observed. This sug-300:1. At low QDs concentratio(800:1), the possible path-
gests the occurence of novel and more efficient transfeway are processes | and Il. Process | involves the transfer of

process | process Il process il FIG. 5. Possible pathways leading to

|PF+3'A“I'; % PF+ *Algs" I or|PF + Ala; ™ Alag+ PF” | A‘q§:+Q])_’.*A"13+ QD;? §E§g¥?PSS§;|t3e:H—li\;ll EHd?I;/iF(;?CdISTeCI)”

sAl*lls* *P‘Fy'*m‘??’*"‘_ 1121;4-;0]: EZIL:Q]::“ rZ;dSié/z:\Allgerzgri/ glr.ld sizclleﬁixcigfél—z?a'te
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604 R within the surface of PFH-MEH:QDs/Alg3, thus enhancing
o T rebao the balance between opposite carriers in the region where a
€ . o, e more efficient radiative exciton recombination can occur.
o . o, + 6.0x10° &
Ew- i) . ++¢... | %
z NN o.r. +++++++ * L 4,0x10° E IV. CONCLUSIONS
320_ . +++ § Hybrid organic/inorganic light-emitting devicd&EDs)
] . oF -2,0x10” S have been fabricated by using stable red-emitting CdSe/ZnS
g ot I core-shell quantum dots blended in a blue emitting PFH-
© o 2e0000eeeett e 00 MEH polymer. A thin layer of an electron-injecting and
e A e A electron-transporting metal chelate complex Aig| used to
& 8 K ;? :"; 2 N % accurately control and balance the Forster energy-transfer
as

and charge-transfer processes between the different active
components, allowing a fairly pure white OLED with CIE
(0.30,0.33 and EL efficiency of 0.24%. These results are a
first step towards a novel class of hybrid devices for lighting
applications combining the stability properties of colloidal
a hole from a PFH-MEH cation radicdPF™) to a Algs  inorganic nanocrystals with the flexibility and case of fabri-
anion radical(Alg3"). Process Il involves the transfer of an cation of organic LED technology.

electron from a Alg anion radical(Alg;") to a PFH-MEH

cation radical(PF"). Both the mechanisms result in excited J- R- Sheat, H. Antoniadis, M. Hueshen, W. Leonard, J. Miller, R. Moon,
Al_q?_’ an_d PFH-MEH molecules WhiC_h can de_ca_ly radiativel_y’ 2)2 Eégﬂ];nng;‘aMn.dWA: Iitjoccl;m\? V?/gfg%7358ﬁgéli'90|_ Kwong, S. T. Lee,
originating blue and green EL emission. Negligible red emis- angd s. k. Wu, Chem. Phys. Let869, 478 (2003.

sion instead originated from the amount of QDs. By increas-jK. O. Cheon, and J. Shinar, Appl. Phys. Lefil, 1738(2002.

ing the concentration of CdSe/ZnS Q@x®ncentration ratio \2('722(%%%9’ J. H. Jou, W. K. Weng, and J. M. Liu, Appl. Phys. L&,
200:3), the p9§3|ble path\{vays are processes |, I, a_'nd 1. ASR. S. Deshbande, J. Brooks, V. Bulovic, and S. R. Forrest, Adv. Mater.
relevant additional role is assured by the following pro- (weinheim, Gej. 14, 147 (2002.

cesses: Forster energy transfer to QDs from excited PFH2J. Thompson, R. I. R. Blyth, M. Mazzeo, M. Anni, G. Gigli, and R.
MEH and Algs molecules sequential charge transfer of a hole ,cingolani, Appl. Phys. Lett.79, 560 (2000.

FIG. 6. V-I, V-L characteristics of device ITO/PEDOT-PSS//PFH-
MEH:CdS€&200:1/ZnS//Algs//Ca/Al. Inset: CIE coordinate®.30,0.33 are
indicated.

from PFH-MEH followed by the transfer of an electron from G. Cheng, Y. Zhao, . F. Zhang, and S. Y. Liu, Appl. Phys. L&, 4457
Alg; or charge transfer of an electron from Alepllowed by
the transfer of a hole charge from PFH-MEptocess Il in

Fig. 5. An efficient emission at the three primary colors is

thus obtained from PFH-MEH, Alg and QDs with a bal-
anced white spectrum with CIE0.30,0.33. In Fig. 6
voltage—currentV-l) and voltage—luminance/—L) charac-
teristics of the  device
MEH:CdSezZn®00:1///Alg,//CalAl are reported. Maxi-
mum luminance of & 102 mW/cm2 at 20 V and a turn-on

(2004).

83. L. Zhao, J. Y. Zhang, C. Y. Jiang, J. Bohhenberger, T. Basche, and A.
Mews, J. Appl. Phys96, 3206 (2004.
H. Yang and P. H. Holloway, J. Phys. Chem.1®7, 9705(2003.

O\, C. Schlamp, X. G. Peng, and A. P. Alivisatos, J. Appl. Ph§2. 5837
(1997.

113, Coe, W. K. Woo, M. Bawendi, and V. Bulovic, Natufieondon 420,

800 (2002.

12 L
ITO//PEDOT-PSS//PEH- ; A. P. Alivisatos, J. Phys. Chent00, 13226(1996.

3V. L. Colvin, M. C. Schlamp, and A. P. Alivisatos, Natufieondon 370
354 (1994).

M. €. Schlamp, X. Peng, and A. P. Alivisatos, J. Appl. Phg&, 5837

(1997.

voltage of 9 V are measured in air atmosphere. Maximum, .
M. Gao, C. Lesser, S. Kirstein, H. Mohwald, A. L. Rogach, and H. Weller,

= o
external _unantum efficiency of 0.24% is measured at ; Appl. Phys.87, 2297(2000,

1 mAcni©and 11V, to our knowledge the best results so far'®s. 0. pabbousi, M. G. Bawendi, O. Onitsuka, and M. F. Rubner, Appl.
reported for hybrid white OLEDs based on QDs. Such im-l7Phy§- Lett. 66, 1316(1995.

proved values can be explained by considering the devicg,- Forster, Discuss. Faraday Sot, 27 (1959.

. . . . N. J. Turro, Modern Molecular Photochemistr{Benjamin/Cummings,
energy-level diagram in Fig. (B). Work functions, band /i park cA 1978 fBen 9

gaps, and electron affinities of ITO, Ca, Al, PEDOT-PSS,*. R. Lakowicz,Principles of Fluorescence Spectroscoiitenum, New
PFH-MEH, CdSe/znS QDs, and Algare taken from oYork, 1983.

Iiterature:?’?‘llln these QD-based LEDs, holes are considereqlﬁ'. ghszuugéizr:]‘ijss'.ﬁé‘;:‘iﬁ'; il iﬁ;ﬁ“;chhyeg' 838“1%% 12239(1993'

to be injected from the ITO electrode through the 22p Reiss J. Bleuse, and A. Pron, Nano Léxt781(2002.
PEDOT:PSS layer into the polymer hole conductor and arér. Pellegrinoet al, Nano Lett. 4, 703 (2004).

eventually transported to the QDs. Similarly, the electronsW. W. Yu, L. H. Qu, W. Z. Guo, and X. G. Peng, Chem. Mat&5, 2854

are considered to be injected from the Ca/Al cathode into th%(zooa.

. S. E. Shaheen, B. Kippelen, and N. Peyghambarian, J. Appl. S.
Algz and are eventually transported to the QDs. Since the 79391999 PP Y9 PPl PO

high electron affinity of QDs the electrons are better confined®R. A. Marcus and N. Sutin, Biochim. Biophys. Ac&il1, 265 (1985.

Downloaded 09 Apr 2009 to 68.181.190.163. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



