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Efficient organic light-emitting diodes using polycrystalline silicon thin
films as semitransparent anode
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Polycrystalline silicon �p-Si� is a good material for the construction of thin-film transistors �TFT�.
It is used for fabricating active-matrix organic light-emitting diode �AMOLED� displays. In this
letter, we propose and demonstrate the application of boron-doped p-Si as a semi-transparent anode
in making different color OLEDs. Without removing the ultrathin native oxide on the p-Si surface
and employing p-doped hole transport layer to enhance holes injection, these OLEDs show
comparable or even better performance to conventional OLEDs which use ITO as anodes. The
present technique has the advantage of less masking steps in making AMOLED. © 2005 American
Institute of Physics. �DOI: 10.1063/1.2032604�
Organic light-emitting diodes �OLED� have attracted
much interest due to their potential application in flat panel
displays.1–3 Conventional bottom emitting OLED always
uses conductive indium tin oxide �ITO� as the transparent
anode. Some other metal oxides such as aluminum-doped
zinc oxide,4 zinc-doped indium oxide5 have been also tried
as the anode. As for top-emitting OLED, many high work
function metals such as Ag and Pt6,7 have been studied as the
anode material. P-doped Si has also been used in conjunction
with silicon microdisplay OLED.8,9 However, silicon has
high absorption in the visible light which greatly reduces the
performance of the OLED.

Active-matrix OLED requires the use of polycrystalline
silicon �p-Si� to make thin film transistors �TFT�.10–15 In
most designs, the p-Si in the pixel area is etched away and
ITO is sputtered to form the anode. Since p-Si has low ab-
sorption in the visible spectrum range, it is worth exploring
the use of p-Si as the conductive transparent anode. In this
paper, we report OLEDs using p-Si as the anode for a bottom
emitting device. Red, green, blue �RGB� OLEDs have been
fabricated successfully. These OLEDs showed good elec-
troluminescent �EL� characteristics in comparison with de-
vices using ITO as the anode. With p-Si as the anode, fewer
processing steps and fewer masks are required in fabricating
AMOLED. This will present considerable savings and in-
crease in production yield in manufacturing AMOLED de-
vices.

The p-Si anode used in the present study is made by the
process of metal-induced-crystallization �MIC�. However,
other types of p-Si, in particular, laser annealed p-Si, should
work as well. The MIC p-Si was fabricated as follows. First
low pressure chemical vapor deposition �LPCVD� was used
to deposit 100 nm of low temperature oxide �LTO� on a
Corning 1737 glass substrate. It was then followed by
LPCVD of 50 nm of a-Si. Then nickel was sputtered onto
the a-Si and annealed to give the MIC p-Si. Finally, boron
ions at the dose of 4�1015 cm−3 were implanted at 40 keV
into the MIC p-Si. The thickness and doping concentration
of the p-Si used in the present experiments are exactly the
same as the active layer for a p-Si TFT. This is to ensure that
in the actual application of the present results to AMOLED,

there is no need for an extra mask for making the anode of
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the OLED. In fact, the drain of the TFT and the anode of the
OLED can be a continuous layer.

The sheet resistance of this p-Si was measured by four
point Kelvin-probes to be �200 � /�. This is somewhat
higher than an ITO anode. However, since the holes only
have to travel a short distance, the higher resistivity is toler-
able. There was about 2–3 nm of native oxide on top of the
p-Si. This oxide layer could in principle be used to block the
diffusion of boron into the organic layer.16 The conventional
OLEDs were fabricated on commercial ITO coated glass
with a sheet resistance of 25 � /�. There is no special treat-
ment of the ITO as well as the p-Si substrate prior to depo-
sition of the organic layers. It is because with the use of
p-doped organic materials as the hole injection layers �HIL�,
better performance can be achieved as compared with treated
ITO.17

4,4�,4�-tris�N-3-methylphenyl-N-phenyl-amino�-tri-
phenylamine �m-MTDATA� doped with 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyano-quinodimethane �F4-TCNQ� �2 mol % �
were used as hole injection and transport layers �HTL� to
enhance holes injection. 4,4-bis�N-�1-naphthyl�-
N-phenyl-amino� biphenyl �NPB� served as interlayer fol-
lowing p-doped HTL. Tris-�8-hydroxyquinoline� aluminum
�Alq3� was used as the emitting layer as well as the electron
transport layer �ETL� for green OLEDs. Alq3 doped with
1.5 wt % 4-�dicyanomethylene�-2–t–butyl-6-�1,1,7,7,-
tetramethyljulolidin -3-methoxy-4-y1-viny1�-4H-pyran
�DCJTB derivative� and 3-tert-butyl-9,10-di �naphtha-2–yl�
anthracene �TBADN� doped with 2 wt % 2,5,8,11-tert-
tertbutylperylene �TBPe� were used as the red-emitting and
blue-emitting layers, respectively. 2,2�,2�-�1,3,5-
benzinetriyl� tris�1-phenyl-1-H-benzimidazole� �TPBi�
served as the hole blocking layer and ETL. We utilized
LiF /Al bilayer as the efficient electron injection cathode.
Doping was achieved by co-evaporation of the two materials
in different sources and the evaporation rate was monitored
by two independent quartz crystal oscillators. The typical
deposition rate was 0.1–0.2 nm/s, 0.2–0.4 nm/s and
0.02–0.03 nm/s for organic materials except for the dopant,

metal, and LiF, respectively.
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Three types of OLEDs were fabricated in this study:

Type I: ITO
�or p-Si� /m �MTDATA:F4 �TCNQ�2 mol % �

��50 nm� /NPB�20 nm�/
Alq3 :DCJTB�1.5 wt % �

��30 nm� /Alq3�20 nm� /LiF�1 nm� /Al
Type II: ITO

�or p-Si� /m �MTDATA:F4 �TCNQ�2 mol % �
��50 nm� /NPB�10 nm�/

Alq3�50 nm� /LiF�1 nm� /Al
Type III: ITO

�or p-Si� /m �MTDATA:F4 �TCNQ�2 mol % �
��40 nm� /NPB�10 nm�/
TBADN:TBPe�2 wt % �

��20 nm� /TPBi�20 nm� /LiF�1 nm� /Al

Types I, II, and III are red, green, blue emitting devices,
respectively. The current density-voltage �J-V� and
luminance-voltage �L-V� characteristics of these devices
were measured simultaneously with parameter analyzer
�HP4145B� and a silicon photodiode calibrated by Photore-
search PR650 spectrometer. The EL spectra were measured
with the PR650.

The optical transmission, reflection and absorption spec-
tra of glass/LTO/MIC p-Si are shown in Fig. 1. Obviously
the optical properties of the substrate will greatly affect the
emission characteristics of the OLED devices. It can be seen
that the MIC is relatively transparent throughout most of the
visible spectrum, varying from 60% in the blue to 35% in the
red. This reflectivity will affect the microcavity effect in the
OLED. This variation has to be taken into account and com-
pensated in designing full color RGB devices.

Experimental results of RGB OLEDs are summarized
and listed in Table I. There are slight differences in the CIE

FIG. 1. Optical transmission, reflection, absorption of glass/LTO/MIC
p-Si.

TABLE I. Performance of RGB emitting OLEDs wi

Structures
CIE �x,y�

�Normal direction�
Turn on
�V� at

Type I: ITO �0.577 0.410� 3
p-Si �0.631 0.365� 3

Type II: ITO �0.300 0.529� 2
p-Si �0.211 0.584� 2

Type III: ITO �0.148 0.161� 4
p-Si �0.173 0.144� 4
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chromaticity coordinates of the EL spectra from ITO and
p-Si substrates. This is believed to be caused by the micro-
cavity effect in p-Si devices. The exact emission peaks of the
p-Si devices can be easily tuned by changing the thicknesses
of the various components.18,19 Figure 2 shows the EL spec-
tra of the ITO and p-Si OLEDs in the normal direction. It
can be seen that in general, the EL spectra of devices with
p-Si as the substrate are sharper and narrower than those
made with ITO. Again, this observation can be attributed to
the microcavity effects caused by the strong reflection
��20% at �=450 nm; �49% at �=550 nm; �62% at �
=650 nm� of the semitransparent p-Si anode in the visible
spectrum range.6,20 The strong microcavity effects in p-Si
based OLEDs also lead to angular variation of the emission
spectra. Figure 3 shows the emission spectra of p-Si OLED
at various viewing angles. It can be seen that there is some
color shift due to the microcavity effect. It should be noted
that we have not made any attempt to optimize the micro-
cavity effect in terms of efficiency or the color variation in
this preliminary investigation. Presumably the angular varia-
tion of the emission color can be minimized or even elimi-
nated by optimizing the thicknesses of the various layers in
the devices without compromising the performance of the
device.6,18,21

Table I shows the normal-direction luminance efficiency
of the various devices. It can be seen that the red and green
OLEDs with p-Si anode are much more efficient than those
using ITO as anodes. This is due to the strong microcavity
effects leading to normal direction emission enhancement, as
well as due to the lower absorption of the p-Si substrate at
520 nm ��7.5% � and at 620 nm ��5.3% �. As for the blue
OLEDs, the p-Si substrate device is less efficient than that of
ITO substrate. This is probably due to the much larger ab-
sorption of the p-Si substrate at 456 nm ��21% �.

O and p-Si anode.

age
m2

Voltage �V�
at 20 mA/cm2

Maximum luminance
efficiency �cd/A�

7.8 3.75
9.3 5.88
4.7 3.05
7.8 3.67
10.2 2.44
12.8 1.88

FIG. 2. EL spectra of red, green, and blue OLEDs from ITO �solid line� and
MIC p-Si �dashed line� substrates in the normal direction.
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Also from Table I, we find that the ITO based and p-Si
based devices of each type show similar turn-on voltages. It
can be understood by the fact that the Fermi level of p-doped
Si is �4.7 eV, which is quite close to the work function of
untreated ITO. However, due to the very large series resis-
tance introduced by the larger sheet resistance of p-Si, the
voltages required to achieve 20 mA/cm2 for p-Si based de-
vices are higher than those of corresponding ITO based
OLEDs.

As an example, Fig. 4�a�–4�c� give the J-V, L-V, effi-
ciency versus voltage characteristics of the red OLEDs, re-

FIG. 3. EL spectra of red, green, and blue OLEDs on MIC p-Si at 0° �solid
line�, 30° �dashed line�, 60° �dotted line� off the normal direction.

FIG. 4. �a� J-V, �b� L-V, and �c� luminance and power efficiency character-
istics of red-emitting devices on ITO and MIC p-Si ��:ITO; �:MIC p-Si�.
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spectively. A brightness of 1,000 cd/m2 can be obtained at
9.6 V with a luminance efficiency of 4.3 cd/A and power
efficiency of 1.3 lm/W for the p-Si devices. Because of the
higher series resistance, the current and brightness of the p
-Si based device exhibits relatively slow increase, while the
luminance and power efficiency are still much higher than
those of the control ones.

In summary, we have demonstrated RGB OLEDs using
the boron doped MIC p-Si as the semitransparent anode. It is
believed that other types of p-Si should show similar results.
The emission and electrical characteristics of these devices
have been analyzed and compared with the control ones us-
ing ITO anodes. Microcavity effects do exist due to the
strong reflection of the semitransparent anode. However, us-
ing optimized device thicknesses, microcavity effects should
not deteriorate the performance of these devices. On the con-
trary, microcavity effects can improve the performance, es-
pecially for red and green devices.

It is anticipated that p-Si is a good alternative anode to
conventional ITO in AMOLED fabrication because an ITO
mask can be eliminated. The OLED anode can be the same
layer as the source and drain of the TFT in the pixel array,
thus this device structure will result in a significant reduction
of the number of processing steps. Simplification in process-
ing should increase device yields and reduce manufacturing
costs.
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