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Enhanced electron injection in organic electroluminescence devices
using an Al/LiF electrode

L. S. Hung, C. W. Tang, and M. G. Mason
Imaging Research and Advanced Development, Eastmak Kodak Company, Rochester,
New York 14650-2110

(Received 23 September 1996; accepted for publication 11 November 1996)

A bilayer is used as an electrode for organic electroluminescent devices. The bilayer consists of an
ultrathin LiF layer adjacent to an electron-transporting layer and an aluminum outerlayer. Devices
with the bilayer electrode showed enhanced electron injection and high electroluminescence
efficiency as compared with a MgAgg 4 cathode. Similar effects were observed when replacing
MgO for LiF. The improvements are attributed to band bending of the organic layer in contact with
the dielectrics. ©1997 American Institute of Physids$0003-6951(97)04102-8]

There is considerable interest in the use of organic malayer was prepared for comparison. The EL devices were
terials for electroluminescend&L) devices:™® To achieve completed with encapsulation in a dry argon box. Light-
the best device performance, it is desirable to use metalsurrent-voltage characteristics were measured using a radi-
having a low-work function for electron injection into or- ometer and a digital voltmeter. X-ray photoelectron spectros-
ganic materials. However, metals with a low-work function copy (XPS) was employed to examine interactions of LiF
are always susceptible to atmospheric oxidation. For inwith Alg. The XPS analysis was carried out using monochro-
stance, MgJdAgy; is commonly used in EL devices, but matic Al ke radiation, and photoelectron peaks of s, and
shows inadequate corrosion resistahce. F 1s were monitored. Atomic force microscogpFM) was

For display and optical communication applicatidris, employed to study the coverage of LiF on Alg.
is desirable to produce EL devices on a Si substrate contain- Current—voltage characteristics of the El device with Al,
ing driver electronics and pixel-switching elements. ThisMg¢Ado 1, or Al/LIF as the cathode are presented in Fig. 1.
configuration requires a surface-emitting EL device with aThe device with an Al cathode requires a drive voltage of
light transmissive top electrode and a bottom electrode beingpproximately 17 V to generate a current density of 100
compatible with the substrafawith indium-tin oxide(ITO) ~ mA/cn?, which is substantially higher than that for the de-
serving as the top electrode, a low-work function metalvice with a My /Ag ; cathode. The difference is attributed to
would be needed to form the electron-injecting bottom eleca@ higher work function of Al4.28 eV)relative to Mg(3.66
trode. However, the low-work-function metals are eithereV).” The device with Al cathode, however, can be greatly
highly reactive with Si or may act as a fast diffusing speciesimproved by interposing one to two monolayers of LiF be-
thus potentially affecting the device performance. tween Alg and Al. For instance, the drive voltage at 100

Al is a well-known contact material in Si integrated cir- MA/cm” was reduced to 10 V with a 0.5-nm-thick LiF layer.
cuits and exhibits good corrosion resistance, whereas it$icreasing the thickness of the LiF to 1 nm shifts thev
high-work function precludes the application of Al to low- curve to higher voltages. Other insulating materials were also
voltage EL devices. In this letter, we report an Al/LiF bilayer tested, and thé—V characteristics for MgO and GegGQre
structure, which is useful as an efficient electron-injectingShown in Fig. 2. Replacing MgAdo 1 by a bilayer of Al/
contact to the organic EL device. The presence of a thin LifMgO improved! —Vcharacteristics, while interposing a thin
layer at the organic-Al interface significantly enhances elec-
tron injection. The bilayer is also stable relative to
Mdo sAdo 1 and should be compatible with Si device process-

ing.

ITO-coated glass was used as the substrate for organic AVLIF  MgosAgar Al
EL devices. The ITO layer was about 30 nm thick with a )
sheet resistance of about 10@square. The routine cleaning LiF (1.0 nm)
procedure included sonication in a detergent, rinsing in
deionized water and isopropyl alcohol, vapor degreasing in
toluene, and finally irradiated in a UV-ozone chamber. The
device has a multilayer structure of Alg/NPB/CuPc/ITO,
where CuPc is a buffer layer, NPB is the hole-transport layer,
and Alqg is the emissive as well as electron-transport layer.
All organic layers were prepared by conventional vapor
deposition at ambient temperature. The thickness was about o, : ;
15, 60, and 75 nm, for CuPc, NPB, and Alq, respectively. 0 s o 18 20

. " Drive voltage (V)

The top electrode was prepared by sequential deposition of a
thin LiF layer and a thick Al overlayer using resistive heat- fig. 1. current-voltage characteristics of three EL devices using an Al, a
ing. In some cases, an Al single layer or a )89, alloy Mgo.sAdo 1, and an AI/LIF electrode, respectively.
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FIG. 2. Current-voltage characteristics of four EL devices using Al,
Al/GeO,, Mgy Adg 1, and Al/MgO electrodes, respectively.

Counts (1 x 106)

GeG layer between Al and Alg resulted in a shift of the // A\
|-V curves to higher voltages. 0 695/ ‘ == 682

Figure 3 shows the EL light output in radiance units vs Binding energy (V)
injected current for three types of cathodes. The light output
is directly proportional to the injected current for the currentric. 4. XPS peaks ofa) Li 1s and(b) F 1s for a 1.5-nm-thick LiF grown
density above 10 mA/cfnand the slope of the curves mea- on a 75-nm-thick Alg on an ITO-coated glass substrate.
sures the EL efficiency. The efficiency with a bilayer elec-
trode of AI/LiF is about 0.03 W/A, which is higher than - .8
0.027 WIA with Mgy A, 1 and 0.021 W/A with Al for bulk I|th.|un”-| fluoride® A more rea_sonable way to com-

For AFM and XPS studies, an Alq thin films with a pare thg thin film and bu!k spectra is o k.)Ok at the energy
thickness of 70 nm was evapor,ate d on an ITO-coated glasseparatlon between the L|_ and F levels. This me_thod obwgtes
substrate, and then a 1.5-mm-thick LiF was deposited on th e need to apply corrections for sample charglng and gives
top. AFM images of the LiF/Alq films showed flat surfaces & Value of 629.6 and 629.3 eV for the thin film and bulk
with a mean roughness of approximately 0.75 nm, indicatingcases, regpectlve'ly. Considering thg thin nature of this film
a good coverage of LiF on Alg. The composition of LiF with and the d|ﬁ_erent instruments use_d in the mgasurements, the
an Alq undercoating layer was examined by XPS. The Lia.greeme-nt is excellent. The relatl\{e intensities of the F and
1s and F I spectra are shown in Fig. 4, and the peaks carr! €mission peaks agreed well with the bulk. The results
be fitted at 60.1 and 689.7 eV, respectively. A shift of 4.1 evclearly |r_1d|cate that th_'” _L'F Ia_yers prepa_red by thgrmal
due to sample charging was determined by referencing thgvaporation had a stoichiometric composition and did not
adventitious carbon to 284.8 é\Correction for this charg- undergo qotlceable dissociation or reaction when coming in
ing shift gives binding energies of 56.0 eV for Lsland ~ contact with Alg. _

685.6 eV for F &, compared to 55.6 and 684.9 eV reported ~ Li has a low-work function of 2.9 eV, and thus appears
to be a good candidate for electron injection into Alg. It has
been reported that diluted Li—Al alloys can act as a cathode
and exhibit much better—Vcharacteristics than a pure Al
cathodé In the present case, the stoichiometric composition
of LiF on Alg surfaces unambiguously indicates the absence
of any Li metal; therefore, the enhanced electron injection is
due to the presence of LiF rather than the low-work function
Li.

Lithium fluoride is a superior insulating material because
it has the highest band gap energy of 12 eV among oxides
and fluorides; however, LiF in the form of ultrathin film
backed by an Al layer becomes an effective electron injector.
One may attribute the fact to tunneling injection, as sufficient
potential difference may be maintained between Al and Alqg
, , : : : in the presence of a LiF layer. Tunneling injection has been
0 20 40 60 80 100 120 reported in a Si-based electrode in the form of a thin,SiO

Current density (ma/en) layer between Alg and heavily dopetttype Si®'! En-
FIG. 3. Light-current characteristics of three EL devices using Al, hanced quantum efficiency was observed in polymer EL de-
Mgo.0Ado 1, and AI/LIF electrodes, respectively. vices through inserting a tunneling barrtéiin this work, we
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1000 in the I-V™ curves, indicating a different threshold voltage
for the various electrodes. If the power-law dependence were
indeed characteristic for a trap-limited transport process, one
would have to assume that the trap density in Alg varies
substantially with the electrode properties in order to account
for the large separation of thie-V curves. However, this
assumption is inconsistent with the picture that the high de-

fect density is a consequence of structural disorder in Alg
rather than impurity incorporatiot?:** More experiments are

MgooAgo.

=3
=3

Al/LiF Al

=

Current density (mA /cm?)

required to clarify this issue.
// In summary, Al was found to be useful as a cathode for
/. +—

10

organic EL devices by interposing a thir-0.5 nm)LiF or
MgO layer between Al and Alg. Devices with the bilayer
electrode show significantly betté~V characteristics and
higher EL efficiencies than that with a standard J\&g, 1
cathode. It was observed that the presence of LiF at the Al-
FIG. 5. Fits(solid lines)to the current—voltage characteristics of three EL Alq interface caused band bending of Alg, thus lowering the
devices with an Al, a Mg¢Ag, 1, and an Al/LiF electrode, respectively. electron-injection barrier height.

The authors wish to acknowledge J. Madathil, L.
also observed an improved EL efficiency when using otheNguyen, and D. Comfort for sample preparation and J. For-
dielectric materials such as MgO. However, when a geOnalik for AFM analysis.
layer was used as the insulator, the device performance de-
teriorated. These results imply that other mechanisms may be
operating as well. Our photoelectron emission measurementsC- W. Tang, S. A. VanSlyke, and C. H. Chen, J. Appl. PH85, 3610
have revealed that the energy bands of Alq were pent down?(cl.gig?a{chi, T. Tsutsui, and S. Saito, Appl. Phys. L&, 531(1990).
wards by more than 1 eV when the Alq surface is in contactsy_ onmori, A. Fujii, M. Uchida, C. Morishima, and K. Yoshino, Appl.
with LiF, thus substantially lowering the electronic barrier Phys. Lett.63, 1871(1993).
height of the Alg—Al interface$® Band bending at metal/ :C W. Tang and S. A. VanSlyke, Appl. Phys. Leitl, 913(1987).
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pOIymer interfaces ,has, been feported in the Iltera]tﬁmt H. Mauch and H.-E. GumlichWissenchaft & Technik Verlag, Berlin,
the degree of bending is considerably smaller. 1996), p. 375.

Burrowset al. reported that in organic EL devices with °D. R. Baigent, R. N. Marks, N. C. Greenham, R. H. Friend, S. C. Moratti,
an Alg emitter, the device current is controlled by the trap- 7Z”"BAMBhHﬂlmeS,_”ﬁppldEhy;- fL(e:tg5, 26136(19(193-] eited bv b, R
.. . . b. MIChaelson, Inanabook O emistry an YSI e y D. R.
limited transport of electrons in _Alq, and ghows a I_arge Lide (CRC, Cleveland, 199612-122,
power-law dependence on the drive voltdgé® The domi- 8J. F. Moolder, W. F. Stickle, P. E. Sobol, and K. D. Bomberiiandbook
nance of trapped-charge-limited current is only expected in of X-ray Photoelectron Spectroscogierkin Elmer, Corporation, Eden
the absence of injection limitation due to the contacts, andﬂ’?%ﬁkimgblggi Awanmi, K. Nagayama, Y. Yonemoto, R. Murayama
the I—\(charactenstms should be reIanve!y _mdependgnt of Funaki, H. Sato, H. Nakada, and K. Im&&chnical Digest, Int. Symp.
the choice of electrodes. ThHe-V characteristics of devices on Inorganic and Organic Electroluminescend®94, p. 77.
with Al, Mg 6AQo 1, and Al/LiF are replotted in Fig. 5, and it %l D. Parker and H. H. Kim, Appl. Phys. Let§4, 1774(1994).

' » : . : ;
can be seen that al-V curves can be described by V™ g' n.of;g‘;ﬁgﬂMMggh ﬁc') HJ' \?_/i(;itt?,\:\g\l/zk%'cr?r{d}fém'zgi;,(viggvz?(:k’ M.
W|th m~ 8_, independent of the contact material. The value ofizy g kim, H. park, and J.-J. Kim, Appl. Phys. Le@9, 599(1996).

m is within the range reported by Burrovet al. The Al- 3L, S. Hung, C. W. Tang, and M. G. Masdnnpublished).

contact device shows no noticeable deviation from the powe}'E. Ettedgui, H. Razafitrimo, Y. Gao, and B. R. Hsieh, Appl. Phys. Lett.
law, aIthough Al has a much higher barrier than .Mg18 VS 152.7’E2.7l§5r(r](.)§\,/\§/)§2nd S. R. Forest, Appl. Phys. Lé#t, 2285(1994).

0.56 eV)with Alg and the transport of electrons is therefore 1sp g gyrrows, z. Shen, V. Bulovic, D. M McCarty, S. R. Forest, J. A.

expected to be injection limited. There is also a parallel shift Cronin, and M. E. Thompson, J. Appl. Phy#9, 7991(1996).
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