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Enhanced hole injection in a bilayer vacuum-deposited organic
light-emitting device using a  p-type doped silicon anode
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We report the fabrication of a vacuum-deposited light-emitting device which emits light from its top
surface through an Al cathode usipgtype doped silicon as the anode material. Enhanced hole
injection is clearly demonstrated from tpeSi anode as compared to the indium—tin—oxitlO)

anode. The mechanisms of hole injection from bothgh®i and ITO anodes into the organic layer

are investigated and a possible model based on anode surface band bending is proposed. During the
operation of the organic light-emitting device, the surface band bending of the anode plays a very
important role in modifying the interfacial barrier height between the anode and the organic layer.
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Organic light-emitting device$OLEDs) have attracted Si(100) wafers and ITO coated glass. The Si wafers had a
almost unprecedented attention in both the fields of fundaresistivity of 102 cm. The Si substrates were first cleaned in
mental research and device fabricattoh® mainly because a sequence of ultrasonic rinses in acetone, ethanol, and
OLEDs have great potential for use in flat-panel displays. deionized water for 10 min each, and then they were etched

Although ITO is an important material and is widely for 20 s in a 4% HF solution to remove the native oxide and
used as anodes in OLEDSs, it also has some disadvantages@meserve the hydrogen-terminated surfaces. Finally, the Si
revealed in the previous literatut&-?! After the degradation substrates after rinsing in the deionized water were blown
of OLEDs, defects formed on the ITO surfaces have beeniry by nitrogen gas. The glass substrates coated with 25-nm-
observed using scanning electron microsctpy. There is  thick ITO (with a sheet resistance of T¥/[J) were cleaned
evidence that indium can diffuse into the organicby sequential ultrasonic rinses in detergent, acetone, ethanol,
materialst®~?! It has also been verified that ITO is inefficient and deionized water for 10 min each. The cleaned Si wafers
in injecting holes into the polymer3.To minimize the limi-  and ITO glasses were immediately loaded into an evapora-
tations of ITO, the introduction of the hole-transport layertion chamber with a base pressure of ¥@orr. The struc-
prior to the deposition of the light-emitting layer and modi- ture configurations of the fabricated OLEDs on both the ITO
fications of the ITO surface itself have also been extensivelyand Si substrates are shown in the inset of Fig. 1. The
investigated:® In this letter, we us@-type Siinstead of ITO  organic films were deposited at room temperature starting
as the anode to fabricate OLEDs. Enhanced hole injectionith a  40-nm-thick  hole-transporting  layer  of
from the p-type Si anode is clearly demonstrated. TheN,N’-diphenylN,N’-bis(3-methylphenyt1,1’-biphenyl- 4,
mechanisms of hole injection from boffSi and ITO have  4’-diamine (TPD), followed by a 40-nm-thick electron-
been investigated and a possible model based on the surfaﬁgnsporting layer and light-emitting layer of aluminum
band bending of the anode at the interface has been Preris(8-hydroxyquinoling (Algs). Finally, an aluminum cath-
posed. The surface band bending can modify the interfaciadde electrode was deposited on the top of the organic mate-
barrier during the operation of OLEDs. rials in a separate chamber.

Because of the importance of Si-based optoelectronics, a  Figure 1 shows the forward-bias current—voltage charac-
feW kindS Of OLEDs fabricated on S| SubStl’ateS haVe beelf_bristics Of devices W|tm_type S| and ITO anodes’ respec-
reported in the literatur&™>> Among the reported work, tively, and are typical of thé—V data obtained from a group
only Parker and Kirff presented polymer light-emitting de- of sample OLEDs. There are significant differences in the
vices by using eithem- or p-type silicon as the electrodes for cyrrent—voltage characteristics between the devices fabri-
the injection of electrons or holes. In other wofRS? Si  cated withp-type Si electrodes and similar devices fabricated
wafers were used as the substrates to support OLEDs with &fjith ITO electrodes. The devices with ITO anodes require a
inverted geometry in which the ITO was deposited on the tofhigher turn-on voltage than the devices withype Si anodes
surface of the organic materials and the cathode contact Wag yeach a similar current density of 2 mA/&nThe turn-on
placed on the bottom. _ voltage of ITOTPD\AIg,\Al is about 8 V, while that of

The substrates used in the experiments wefype  Al\p-SNTPDWAIG,Al is only 5 V. The devices withp-type
Si anodes are able to generate a substantially larger current
3Electronic mail: xyhou@srcap.stc.sh.cn density at the same forward drive voltage compared to the
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that the internal quantum efficiency of the devices wtlSi
FIG. 1. Current—voltage characteristics of OLEDs using an ITO and aiS Presumably higher than that of the devices with ITO. Since
p-type Si anode. Inset: OLED structurés) ITO\TPDAIG.\Al and (b)  the typical thickness of the Al electrode is about p#, the
Al\p-SNTPDAIg 3\ Al transmittance of light, the ratit/l, of the transmitted light
intensity | to the incident light intensity,, is calculated to
devices with ITO anodes. To achieve a current density obe about 0.01% based on the equatidihy=exp(—ad),
130 mA/cnft, the driving voltages for ITETPD\AIg;\Al and  whered is the thickness of the Al filmg is the absorption
AN\p-SNTPDAIg\Al are 30 and 15 V, respectively. These constant defined ag=4wk/\, andk, the extinction coeffi-
results clearly demonstrate enhanced hole injection froncient, is about 6.85 for Al at the wavelengthof 0.52 um .2
p-type Si anodes as compared with ITO anodes, becauskhis calculation shows that the light intensity through the Al
electron injection from the Al cathodes remains unchangeds four orders of magnitude lower than the primary light
under forward-bias conditions. Devices with eitheIiSi or  intensity. Therefore, the calculated transmittance is in good
ITO as their anodes have a very small current flow in reversagreement with the measured value.
bias and no light is observed. One of the most important factors controlling the hole
For an ITOTPD\AIg3\Al device, in a forward bias of 8 injection of a device is the interfacial electronic structure of
V, light is emitted with a brightness of 1 cdfmThe lumi-  the anode contact with the organic layer, TPD. We propose a
nance of the device is 145 cdfnat 16 V with a current possible model of band bending formation at the anode and
density of 35 mA/cr The luminance increases to 600 cd/m organic layer interface to account for hole-injection behavior
at 30 V with a current density of 130 mA/émThe light in OLEDs. An energy-level diagram for the($0O\TPD and
output is proportional to the current density, which is thelTO\TPD contacts is depicted in Fig. 2. The work function of
same as the results reported in previous worRsFor  bothp-Si and ITO used here is the commonly cited value of
AN\p-SATPDAIg,\Al devices, we did not attempt to mea- 4.7 eV?>%2"The ionization potentiallP) and the electron
sure their luminescence at the beginning of the study becaussfinity (EA) for TPD is 5.5 and 2.4 eV, respectivélyThe
very thick (about 0.4um) Al electrodes were used in all of surface Fermi level op-type S{100) is usually pinned at 0.3
the fabricated devices and our emphasis was on the compareV,?° above the top of the valence band, and consequently,
tive study ofl—V characteristics between devices with dif- results in the downward surface bending of about 0.1 eV,
ferent anodes. However, uniform light can be also seemvhile the Fermi level in the bulk is located at about 0.2 eV
through the thick Al electrodes across the entire device area@bove the top of the valence band due to its doping concen-
Light emission through the Al electrodes are visible to thetration. Although the band offset between the highest occu-
eye above a forward bias of 10 V and a current density of 3@ied molecular orbitalHOMO) of the TPD and the top of
mA/cn?. The color emitted from the devices with+Si is  valence band in the bulk of the Si is 0.6 eV, the effective
identical to that from the devices with ITO. The luminance barrier for holes injected into the TPD at interface is only 0.5
of the devices is increased and measured to be about 0.5-0&¥ due to the downward band bending of 0.1 eV at the
cd/n? at 20 V with a current density of 440 mA/émAfter a  surface(or interfac@. The band bending barrier of 0.1 eV
simple correction of the transmission loss by a direct meawill be compensated by the forward bias and will result in a
surement of light decay through an Al film with a thicknessbarrier height of 0.5 eV as seen by the holes during the
exactly the same as that used in the Si-based OLEDs, there dperation of the devices. ITO is a degenenatype semi-
a 10000-fold reduction in light transmission through theconductor. Therefore, like conventional semiconductors such
thick Al electrode. Consequently, the intensity of the lumi-as Si, GaAs, and InP, there is a reasonable surface band
nescence is estimated to be about 6500 édiwhich is  bending upward at the-type ITO surface. Even the widtll

higher than that of the devices with ITO anodes. This impliesanddt) of the space-charge layer is much thinner in terms of
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140 the carrier concentration of ITO results in a higher barrier
L | —s—treated ITO height for hole injection into the TPD and, therefore, a lower
120 L= t—as received ITO hole-injection efficiency.
In summary, we have demonstrated light emission from
i OLEDs using dopeg-Si as an anode material. Devices ex-
& 100F hibit hole-injection characteristics different from those fabri-
§ - cated on ITO. This is explained in terms of a possible surface
é 80 I band bending model, which results in a different barrier
E | / height at the interface between the anode and the organic
2 layer, TPD.
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