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Abstract

An indium-tin oxide anode was replaced with a p-type silicon anode in a bilayer small-molecule organic light-emitting diode. As
results, the current increased largely due to the enhanced hole injection and the higher conductivity of the Si anode; the luminous
efficiency decreased significantly due to carrier-induced exciton quenching and the worse charge imbalance. Ultra-thin film of SiO,
grown on the silicon anode improved the luminous efficiency to a certain extent by restraining the hole injection; enhancing electron

injection became more desired.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

There have been great efforts over the past decade to
obtain technologically viable and efficient light emission
from silicon. Among the efforts, silicon quantized sys-
tems [1-5], silicon-related direct bandgap materials
[6-8], and optically active impurities and defects in sili-
con [9-12] have been the main emphasis and achieved
varying degrees of success. Recently, the organic light
emission [13-15] has been applied commercially in full
color, flat panel displays. The combination of silicon
and organic light-emitting materials will open a route
to the integration of optical devices with silicon chips.
Organic light-emitting materials are amorphous, rather
than crystalline such as GaAs, so there is no lattice mis-
match with silicon. They also have the advantages of
being relatively easy to make and can emit light of differ-
ent wavelengths. A few pioneering works of organic
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light emitting diodes (OLEDs) with p-type silicon an-
odes have been reported [16-19]. However, the perform-
ances of the OLEDs with p-Si anodes are relatively low,
for example, the highest brightness of the OLEDs with
p-Si anodes reported previously was only 100 cd/m? at
15 V [16]; more important is that the main reason for
the low performance has not been made clear. Zhou
et al. [18] anticipated that the OLEDs with p-Si anodes
should have higher internal quantum efficiency than
those using ITO anodes, but no actual instance has been
reported so far. Here, we have fabricated and studied an
OLED using a p-Si anode, found that the serious imbal-
ance of the hole and electron injections caused by the
p-Si anode should be responsible for the low luminous
efficiency, and finally discussed two practical improve-
ment schemes for such devices.

As a surface-emitting OLED, the semitransparent
cathode LiF(0.3 nm)/Al(6 nm) with a cap of Au rather
than Ag [20] has been chosen in our experiment because
Au has a lower reflectance in visible range and a higher
chemical stability than Ag. We have not attempted to
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gain a higher transparency by reducing the thickness of
Al and placed emphasis on the essential difference be-
tween the p-Si anode and the ITO anode.

2. Experiments

The OLEDs were deposited by vacuum sublimation
on to 7-21 Q cm, p-type (1 0 0) silicon substrates. Prior
to the organic deposition these substrates were cleaned
using acetone and methanol, followed by the formation
of the Al contacts on the backside. First, 60 nm of the
hole-transporting layer 4,4-bis[N-(1-naphthyl)-N-phe-
nyl-amino] biphenyl (NPB) was vacuum (base pressure
of 107 Torr) deposited on the silicon anodes and sub-
strates, followed by 60 nm of the emissive, electron
transporting layer: tris-(8-hydroxyquinoline) aluminum)
(AlQ) and 0.3 nm of electron injecting layer LiF. 6-nm
thick Al cathode followed by a 15 nm cap of Au was then
deposited onto the LiF surface through a shadow mask.
The resulting device was p-Si/NPB/AIQ/LiF/Al/Au, as
illustrated in the inset of Fig. 1a. The two other sets of
devices were: p-Si/SiO,/NPB/AIQ/LiF/Al/Au and 1TO/
NPB/AIQ/LiF/Al/Au. The SiO, layer was grown at 400
°C for 40 min in oxygen atmosphere. [TO-based devices
were employed as control samples. All the devices were
deposited simultaneously in one chamber without a vac-
uum break. Electroluminescence (EL) from the diode
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Fig. 1. The typical forward I~V (a) and brightness-voltage (b)
characteristics for the three sets of devices with different anodes:
ITO, p-Si and p-Si/SiO2. Inset: some characteristic voltages in the
brightness-voltage curves.

was collected in air by a fluorescent spectrometer (SPEX
FL-11), and the brightness was calibrated by a PR650
spectrometer. Current—voltage (/-V) measurements were
made by 6'/,-digit multimeters (HP 34401). The ultravi-
olet photoemission spectroscopy (UPS) spectra were
performed on a multi-technique electron spectrometer
(VG ESCA-LAB MKII) with the He I radiation
(hv =21.2 eV) under a base pressure of 1.0 x 10~° Pa.

3. Results

Fig. 1 shows the typical forward I~} and brightness-
voltage characteristics for the three sets of devices with
different anodes: ITO/NPB/AIQ/LiF/Al/Au, p-Si/NPB/
AlIQ/LiF/Al/Au, and p-Si/SiO,/NPB/AIQ/LiF/Al/Au.
As can be seen from Fig. la, the current for the device
with the p-Si anode rises much faster with voltage
increasing, and is much higher than that for the device
with the ITO anode. For example, the former is 21
mA at 10 V, higher than the latter by a factor of ~10.
Another difference is that the /-1 curve for the device
with the ITO anode shows distinct two regimes [21].
The current increased evidently faster above 9 V, which
is not seen for the device with the p-Si anode. For the
device with the p-Si /SiO, anode the current has been de-
creased evidently, for example, by about 50% at 10 V in
relation to the device current with the p-Si anode. In
Fig. 1b, the brightness of the device with the ITO anode
is measured from the top cathodes, the transparency of
which is 20%. As whole, the brightness for the device
with the p-Si anode is lower. The insertion of SiO, has
enhanced the brightness evidently, but is still lower than
the brightness of the device with the ITO anode. Some
characteristic voltages are showed in Fig. 1b as an inset.
The turn-on voltage is defined as the applied voltage at a
luminance of 1 cd/m?. With the ITO anode, the maxi-
mum luminous efficiency # is calculated to be 0.34 Im/
W at 7 V; with the SiO,/p-Si anode, the maximum lumi-
nous efficiency is 0.017 Im/W, higher than that with the
p-Si anode by ~5 times.

For estimation of the electron contribution to the
total current in the above devices, other three sets of
‘hole only’ devices ([22] this is the case at least at
low voltages before emitting light) with 15-nm-thick
Au cathodes have been made: ITO/NPB/AIQ/Au, p-
Si/NPB/AIQ/Au, and p-Si/SiO,/NPB/AIQ/Au. Their
I-V curves are shown in Fig. 2 to compare with their
counterparts with LiF/Al/Au cathodes. The current for
the device with the Au cathode is slightly lower in the
low-voltage regime, but evidently lower in high-volt-
age regime than that for its counterpart with the
LiF/Al/Au cathode. The hole current dominates the
current of the bipolar devices and the contribution
of the electron current is small.
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Fig. 2. Comparison of the I~V characteristics for the devices with the

same anode (p-Si, p-Si/SiO, or ITO) but different cathodes: LiF/Al/Au,
and Au.

Fig. 3 shows the He I UPS spectra of the p-Si sub-
strate and the 1- and 15-nm NPB on the p-Si substrate.
The UPS spectrum of p-Si was collected after the in situ
removal of NPB by Ar ions beam. To ensure the collec-
tion of low-energy electrons, samples were biased at neg-
ative 4 V. The ionization potentials of organic materials
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Fig. 3. (a) Hel UPS spectra of the p-Si, the 1- and 15-nm NPB on p-Si;
The determination of the thresholds at highest kinetic energy in the
UPS spectra of Si (b) and NPB (c).

and p-Si can be readily determined by subtracting the
width of the UPS spectrum from the energy of the He
I radiation. The UPS spectrum width is the energy dif-
ference between the intensity thresholds at the highest
and lowest kinetic energy. The thresholds at highest ki-
netic energy in the UPS spectra of Si and NPB are deter-
mined to be 20.40 and 19.9 eV as indicated in Figs. 3b
and c, respectively; the thresholds at the lowest kinetic
energy, i.e. cutoffs are easy to identify, which are 4.25
and 3.90 eV, respectively. In this way, the ionization
potential of NPB and the p-Si were determined to be
5.20 and 5.05 eV. The former is in good agreement with
that reported in [23]. Considering the energy bending at
the p-Si surface and the Fermi level of p-Si, the latter is
consistent with that reported in [24] and [18]. As indi-
cated in Fig. 3, there is an offset of 0.35 ¢V between
the cutoffs in their UPS spectra, which is demonstrated
due to the charging effect of the NPB layer rather than
due to the interfacial dipoles. The characteristic emis-
sion of C'* in 15-nm NPB was calibrated by X-ray pho-
toemission spectroscopy, which gave an identical shift of
the kinetic energy offset to lower values as in the UPS
spectra due to charging effects, moreover, the shift of
the kinetic energy offset to lower values upon increasing
the NPB thickness can be due to charging effects.

Fig. 4 depicts the alignment of their energy levels. A
potential barrier of about 0.15 eV between NPB and
p-Si is determined. This value is considerably smaller
than that at the ITO/NPB interface reported in [23]
(1.4 eV, including 0.5 eV interface dipole shift) and
[25] (0.5 eV). The work function of ITO is 4.70 eV meas-
ured in our experiment, consist with the commonly re-
ported values from 4.4 ~ 4.7 ¢V for the ex situ treated
ITO [25-27], so the hole barrier at the ITO/NPB inter-
face is also deduced to be about 0.50 eV if neglecting
the existence of the dipoles at this interface.
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Fig. 4. The energy level alignment for the p-Si and NPB.
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Fig. 5. Luminous efficiency-voltage curves for the devices with
different anodes (p-Si or ITO) and different cathodes (with LiF or
with no LiF).

In Fig. 5, the impacts of LiF (0.3 nm) on the lumi-
nous efficiency [28] for two sets of devices with different
anodes (p-Si and ITO) are compared: p-Si/NPB/AIQ/
LiF/AVAu and p-Si/NPB/AIQ/Al/Au; ITO/NPB/AIQ/
LiF/Al/Au and ITO/NPB/AIQ/Al/Au. For the device
with the p-Si anode, the insertion of LiF enhances the
efficiency by ~10 times, but for the device with the
ITO anode, only by 3 times.

4. Discussions

The use of p-Si as anode has lead to a higher current
at a lower driving voltage; the hole injection barrier be-
tween p-Si and NPB is as little as ~0.15 V demonstrated
by UPS. Judged only by these facts, p-Si is an ideal
choice for hole injection. But, the enhanced hole injec-
tion (due to the lower hole barrier) results in a worse
electron-hole imbalance. The OLEDs of ITO/NPB/
AIQ/LiF/Al/Au and p-Si/NPB/AIQ/LiF/Al/Au are com-
pletely identical except for the anodes; the electron injec-
tion is equal, thus the enhanced current should be
contributed to enhanced holes. The fact that the I-V
curves for the OLEDs with LiF/Al/Au cathodes are
close to those for the ‘hole only’ devices at low voltages
also suggests this viewpoint. Moreover, the higher con-
ductivity of the p-type Si anode will enhance the hole
charge density injected to NPB resulting in increased
hole-leakage current. Thus, the increased current has
not resulted in an increased luminance as expected
[18]. Both the turn-on voltage and the operating voltage
for a luminance of 100 cd/m? increase significantly when
an ITO anode is replaced with a p-Si anode. This is be-
lieved due to the worse hole-electron imbalance. At low
voltages, a larger proportion of the total current is hole-
leakage current in the OLED with a p-Si anode com-
pared with that with an ITO anode where holes are al-
ready the majority carriers, so fewer injected electrons
can form excitons with holes to recombine to emit light;

as the voltage increases, the contribution of the injected
electrons to the recombination current increases, then
the device begins emitting light efficiently. The lumi-
nance decrease may be due to carrier-induced exciton
quenching as a significant increase of the hole concen-
tration is expected in AlQ near the NPB/AIQ interface
as a result of the enhanced hole injection that takes place
at significantly lower voltages. Another contributing fac-
tor may be the reduced electron—hole balance (also as a
result of the increased hole density) that reduces the
recombination efficiency and thus the exciton formation
probability in these hole-dominated OLEDs.

To improve the charge imbalance caused by the use
of a p-Si anode, decreasing the hole current is necessary,
so the thin SiO, film has been grown on the p-Si anode.
The thin SiO, film can also passivate the silicon surface
and reduce the surface recombination current. It is be-
lieved optimistically that deliberate use of thin SiO,
layer or other hole-blocking layers can enhance the EL
efficiency further [29].

On the other hand, electron injection should be en-
hanced. In the conventional small-molecule OLEDs,
electron is minor-injected carrier, and determines the
EL efficiency. In the OLEDs with the p-Si anode, the
enhancement of electron injection becomes more de-
sired. As indicated in Fig. 5, for the device with the p-
Si anode, the insertion of LiF enhances the efficiency
by a greater factor in relation to that for the device with
the ITO anode. This fact clearly indicates that electrons
are the minority carriers in the OLED with a p-Si anode,
and more important point here is that it suggests the
charge imbalance in these devices is significantly worse
than in the OLEDs with an ITO anode. Selection of
cathodes with lower work functions should be one of
the topics in our future study.

5. Conclusion

Using p-Si as anode in OLEDs enhances the hole
injection largely, but leads to an significant decrease in
luminous efficiency. Ultraviolet photoemission spectros-
copy study shows a potential barrier of 0.15 eV between
the p-Si anode and hole transporting layer, NPB. The
relatively low efficiency should be attributed to carrier-
induced exciton quenching and the serious charge imbal-
ance. Ultra thin SiO, film grown on the silicon can act as
hole-blocking layer, and improve the luminous efficiency
markedly.

Acknowledgements
This work was supported by the National Natural

Science Foundation of China and the State Key Labora-
tory on Integrated Optoelectronics.



G.Z. Ran et al. | Chemical Physics Letters 400 (2004) 401-405 405

References

[1] L.T. Canham, Appl. Phys. Lett. 57 (1990) 1146.

[2] K.D. Hirschman, L. Tysbekov, S.P. Duttagupta, P.M. Fauchet,
Nature 384 (1996) 338.

[3] Z.H. Lu, D.J. Lockwood, J.-M. Baribeau, Nature 378 (1995) 258.

[4] L. Pavesi, L. Dal Negro, C. Mazzoleni, G. FranzoA, F. Priolo,
Nature 408 (2000) 440.

[5]1 G.G. Qin, Y.J. Li, Phys. Rev. B 68 (2003) 085309.

[6] L. Vescan, T. Stoica, J. Lumin. 80 (1999) 485.

[7] D. Leong, M. Harry, K.J. Reeson, K.P. Homewood, Nature 387
(1997) 686.

[8] P.H. Zhang, V.H. Crespi, E. Chang, S.G. Louie, M.L. Cohen,
Nature 409 (2001) 69.

[9] B. Zheng, J. Michel, F.Y.G. Ren, L.C. Kimerling, D.C. Jacobson,
J.M. Poate, Appl. Phys. Lett. 64 (1994) 2842.

[10] M.E. Castagna, S. Coffa, M. Monaco, L. Caristia, A. Messina,
R. Mangano, C. Bongiorno, Physica E 16 (2003) 547.

[11] G.Z. Ran et al., J. Appl. Phys. 90 (2001) 5835.

[12] W.L. Ng, M.A. Lourenc,0, R.M. Gwilliam, S. Ledain, G. Shao,
K.P. Homewood, Nature 410 (2001) 192.

[13] C.W. Tang, S.A. VanSlyle, Appl. Phys. Lett. 51 (1987) 913.

[14] G.B. Levy, W. Evans, J. Ebner, P. Farrell, M. Hufford, B.H.
Allison, D. Wheeler, H.Q. Lin, O. Prache, E. Naviasky, IEEE J.
Solid-State Circuits 37 (2002) 1879.

[15] R.H. Friend, R.W. Gymer, A.B. Holmes, et al., Nature 397
(1999) 121.

[16] I.D. Parker, H.H. Kim, Appl. Phys. Lett. 64 (1994) 1774.

[17] L.M.H. Heinrich, J. Miller, U. Hilleringmann, K.F. Goser, A.
Holmes, D.-H. Hwang, R. Stern, IEEE Trans. Electron Dev. 44
(1994) 1249.

[18] X. Zhou, J. He, L.S. Liao, M. Lu, Z.H. Xiong, X.M. Ding, X.Y.
Hou, F.G. Tao, C.E. Zhou, S.T. Lee, Appl. Phys. Lett. 74 (1999)
609.

[19] R.J. Curry, W.P. Gillin, A.P. Knight, R. Gwilliam, Appl. Phys.
Lett. 77 (2000) 2271.

[20] L.S Hung, C.W. Tang, M.G. Mason, P. Raychaudhuri, J.
Madathil, Appl. Phys. Lett. 74 (2001) 544.

[21] P.E. Burrows, Z. Shen, V. Bulovic, D.M. McCarty, S.R. Forrest,
JLA. Cronin, M.E. Thompson, J. Appl. Phys. 79 (1996)
7991.

[22] I.D. Parker, J. Appl. Phys. 75 (1994) 1656.

[23] S.T. Lee, Y.M. Wang, X.Y. Hou, C.W. Tang, Appl. Phys. Lett.
74 (1999) 670.

[24] D.R. Lide, Handbook of Chemistry and Physics, 73rd CRC, Boca
Raton, FL, 1992.

[25] The references therein A.J. Makinen, I.G. Hill, R. Shashidhar, N.
Nikolov, Z.H. Kafafi, Appl. Phys. Lett. 79 (2001) 557.

[26] X.M. Ding, L.M. Hung, L.F. Cheng, Z.B. Deng, X.Y. Hou, C.S.
Lee, S.T. Lee, Appl. Phys. Lett. 76 (2000) 2704.

[271 Y. Park, V. Choong, Y. Gao, B.R. Hsieh, C.W. Tang, Appl.
Phys. Lett. 68 (1996) 2699.

[28] L.S. Hung, C.W. Tang, M.G. Mason, P. Raychaudhuri, J.
Madathil, Appl. Phys. Lett. 78 (2001) 544.

[29] Z.B. Deng, X.M. Ding, S.T. Lee, W.A. Gambling, Appl. Phys.
Lett. 74 (1999) 2227.



	Improvement of the charge imbalance caused by the use of a p-type silicon anode in an organic light-emitting diode
	Introduction
	Experiments
	Results
	Discussions
	Conclusion
	Acknowledgements
	References


