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Abstract
Design and manufacturing process of a full
color LED microdislay fabricated by standard
CMOS technology and containing an array of
aluminum / nanostructured porous silicon rever-
se biased light emitting Schottky diodes will be
discussed. Being of a solid state construction,
this microdisplays are cost-effective, thin and
light in weight due to very simple device
architecture. Its benefits include also super high
resolution, wide viewing angles, fast response
time and wide operating temperature range. The
advantages of full integration of an LED-array
and driving circuitry onto a Si-chip will be also
discussed.
Key words: microdisplay, electroluminescence,
inorganic materials

1. Introduction

A new very fast growing segment of electronic in-
dustry is the industry dealing with super miniature
displays or microdisplays. They are finding the place
in portable wireless communication devices,
computing tools, digital still cameras, camcorders,
advanced sell phones, and toys.

In principle, the simplest type of microdisplay is a
light emitting device because it eliminates the need
for an external light source and complicated optics,
but their low luminance level limits their appli-
cation to personal viewers. Most of the known light
emissive technologies have been implemented as
microdisplay technologies [1, 2].

In this presentation we will propose the alternative
cost-effective approach based on the usage of Al /
nanostructured porous silicon (NPS) reverse biased

light emitting Schottky diodes fabricated onto a
silicon chip together with addressing ICs. The main
advantages of such an approach are:

1). The usage of a simple and cost-effective stan-
dart bipolar semiconductor manufacturing process
which provides full integration of addressing ICs
with an array of Al / PS light emitting diodes and
helps to integrate a lot of functionality into the
display’s silicon backplane;

2). Very high resolution and nanosecond response
time of a AI/NPS LED microdisplay;

3). Low cost and simplicity of AI/NPS LED micro-
display fabrication, especially in the case of passive
addressing.

2. State of theart

The first reversed biased PS LED was demonstrated by
Richter et al. in 1991 [3]. A PS-layer was formed on a
n-type silicon substrate following with the deposition
of a semitransparent Au-electrode in order to form the
Schottky structure. Light emission with the efficiency
of 10°-10 was observed in the visible range with the
peak of 650 nm [4]. The lifetime of such devices
varied from 45 min. to 100 h, after which the emission
attenuation took place [5].

In 1995, we made a significant improvement in the
efficiency and stability [6] through the formation of an
oxidized PS layer protected from atmospheric oxygen
by the additional passivation. The oxidized PS layer
was formed on a low resistivity n-Si substrate by
anodozation in the transition regime [7], providing a
continuous anodic oxide on the surface. Moreover, the
additional passivation layer of a transparent anodic
alumina Al,O; was formed on the PS layer by a
selective Al-anodization in an oxalic electrolyte during
formation of an Al-Schottky electrode. It ensured the
stability of continuous PS LED operation during 1000
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h without visible degradation effects and increased
quantum efficiency (107-10™*) [8].

In 1998, V. Kuznetsov et al. [9] improved a PS LED
design in order to enhance the device efficiency till
5x107. In particular, they replaced the opaque elect-
rode with a semitransparent silver electrode.

In 2000, the more efficient reverse biased PS LEDs
have been reported by B. Gelloz et al. [10]. The quan-
tum efficiency of about 10° has been obtained by
using oxidized PS. Porous layer was formed on n+
silicon at 0°C. Then, the PS layer without drying was
electrochemically oxidized by anodization in an
aqueous solution of sulfuric acid. A Schottky barrier
was formed by a transparent ITO deposition. The ad-
vancement of the anodization process by this way
decreased the size of nonconfined silicon nanocrystals
in PS. The enchanced quantum efficiency can be exp-
lained by the reduction of leakage carrier flow through
the nonconfined silicon nanocrystals. Recently, the
highest quantum efficiency of about 1.2x107has been
obtained by pulsed exitation [11]. Pulse LED operation
allows one to reach the highest current density through
a LED structure, which corresponds to maximum
efficiency values.

10
1}
0.1 |
0.01

0.001 |
0.0001

0.00001 ‘ ‘
1990 1995 2000

Years

PS LED efficiency, %

10000

Lazarouk et al.[22]

1000 | Lazarouk et al.[2]

Balucani et

S1rion

100

Kozlowski et
al TA1

10 +

PS stability, h

1 (b)

Richter et al.[1]

0.1 : : :
1990 1992 1994 1996 1998 2000

Years

Fig.1. Efficiency (a) and stability (b) improvement of
reverse biased PSLEDs.
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Some common design ideas are present in all men-
tioned NPS LEDs:

- all are formed on n-type silicon substrates due to the
higher Schottky barrier compared to p-type material;

- in addition, n+-silicon substrates are preferable
because of minimal series resistance of PS LEDs;

- NPS must have homogeneous size distribution of
nanocrystals over all the thickness and down to 1 pum.
For this reason, oxidized PS was used in the device
fabrication and the temperature of the PS formation
was chosen to be 0°C;

- reverse biased LEDs have a nonlinear EL-I charac-
teristics with an efficiency increasing with a current;

- optimized LED geometry and pulsed bias provide
maximum LED current with the highest efficiency value;

- reverse biased PS LEDs can be formed also onto
polysilicon [12] or amorphous silicon [13] layers as well as
onto a transparent sapphire [14] or glass [15] substrates.

3. AI/NPS LED array fabrication process

The fabrication process and a NPS LED structure are
shown in Fig.2. N-type single crystal silicon wafers
with the resistivity of 4.5 Om'cm were used as sub-
strates in our experiments. High doped n*-silicon lay-
er of about 100 nm thickness was formed on both
sides of wafer by diffusion of phosphorous gas phase
at a temperature of 950°C during 40 minutes (Fig. 2a).
After doping treatment the surface resistivity of a

sample was 10 Om/o (1020 dopant atoms/ cm3). Then
wafers were etched in hydrofluoridric acid in order to
remove the oxide formed during thermal treatment [16].
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Fig.2. Schematic view of fabrication process and a PS

LED structure: a) n-type silicon wafer with n*-diffu-
sed layer; b) after anodization in transition regime, PS

is formed both in n* - film and in a substrate layer; c)
aluminum layer is deposited by magnetron sputtering;
d) the final structure after photolithography and sub-
sequent aluminum anodization. Light emission at the
edge of negative biased pad is evidenced.

The PS layer was formed by anodization in transition
2
regime, in 1% HF aqueous solution at 2-5 mA/cm .

The thickness of PS film was higher than the n™-layer
one, so that a thin layer of the n-substrate was also
anodized (Fig. 2b).

To obtain metallic contact, 0.5 um thick aluminum
film was deposited by magnetron sputtering onto the
porous layer (Fig. 2c). The Al electrodes (pads) were
obtained by standard photolitography and subsequent

electrochemical aluminum anodization process. Alu-
minum anodization produced the transparent insula-
ting alumina (AlpO3) areas between the aluminum

pads so that light could be revealed (Fig. 2d).
The electrical contact on the wafer back side (not

shown in the picture) was provided by the nt-diffused
layer. Devices were biased connecting either two
adjacent pads on the upper layer either one of the pads
and the back side contact.

4. Experimental results

EL spectra

EL spectra were measured with the computer-aided
spectrophotometer PEM-100, equipped with a cooled
photomultiplier. PL spectra were measured under UV
laser excitation at A=337 nm. The EL spectrum, mea-

sured in the 1.55 —-3.105 eV energy range, for different
currents through two adjacent electrodes are shown in
Fig. 3.
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Fig. 3. EL spectrum for different currents through two
adjacent electrodes at reverse bias.

Depending on PS anodizing regimes the emission peak
can be both in the blue and in the red. But the emission
spectra are very broad, with example which covers the
whole visible range [17, 18]. The other approaches are
to be used for a color microdisplays to get a narrow
light emission spectra, say, the integration of a PS LED
with a PS microcavity [19].

Response time
The shortest response time was published for forward

biased PS LEDs [20]. However, our devices are faster,
because they have no diffusion capacitance. The main
mechanism of minor carrier generation in reverse
biased Al/ PS junctions is impact ionization at
avalanche breakdown at high electric field. A regular
columnar PS structure promotes the very fast ava-
lanche breakdown due to non-uniform electric field
distribution inside the PS layer [7]. The time of the
avalanche response is estimated to be as less as 1 ps
[21]. Thus, we have shown that our PS LEDs can ope-
rate in the nanosecond region. By further technology
optimization, we hope to reach the sub-nanosecond
range.

Colors

Initial wafers were boron doped silicon with resisti-
vity of 12 Ohm-cm. Anodizing processes were
performed in aqueous-alcoholic solution HF (48%) :
H,0:C,Hs(OH)=1:1:2 electrolytes. Forming current
densities were 20 mA/cm® for green and yellow
photoluminescence, and 50 mA/cm’ for the red ones.
The anodizing time was 10-20 min. We used a
postanodizing process to get the photoluminescent
blue shift. During the postanodizing process the red
PL transformed in orange and green PL. Samples
were stood in an electrolyte in the dark condition
during 10-35 minutes after the anodization.

Process regimes to get red, orange, yellow, and
green photoluminescence are shown in a table 1.
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Table 1. Manufacturing operation regimes for
photoluminescence in various parts of the visible range

W avelength [nm]
650 600 550 500

B 1 T=300 K 7

reAI;:):elgH.lgi Etching time in
Photoluminescent fo rn%in ciljrfr ent electrolyte after
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Red
jr= 50 mA/sm’ _
tr= 10 min
s 2
|. Jr= 2_0 mA/§m t,= 10 min
E tr=20 min
I
Yellow
jr=20 mA/sm’ _ .
=20 min t,= 15 min
r' Green
C 2
|, =20 mASmT g
E tr=20 min
I

Photoluminescent behaviour of different samples-
without postanodizing treatment; standing in
electrolyte during 20 minutes; standing in electrolyte
during 30 minutes is shown in figure 4.

First, second, and third sample peak intensity
wavelengths are 680 nm, 640 nm, and 580 nm,
respectively. These peaks correspond to red, orange,
and green optical ranges, respectively.

It was suggested in the very first reports on PS that
the strong blue shift of the PL was caused by a
quantum size effect, mainly due to the presence of
quantum wires [25-29]. This effect results in the
band gap widening of semiconductor materials.
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Fig. 4 PL gpectra of NPS sanples 1 — without
postanodizing treatment; 2 — standing in dectrolyte during
20 minutes;, 3—gtanding in dectrolyte during 30 minutes.

The PL blue shift can be explained by the size
reduction of silicon nanoparticles during drying
process. SiO; layer development reduces further
silicon particle oxidizing, and results in increase of
radiation wavelength stability.

Two models have been proposed to interpret the
transition behavior based on the confinement effect. The
first one is the band-to-band transition model [25]. And
second one is the recombination-center-related transition
model, involving surface states and disorder states [29].
However a basic lack of knowledge regards the ordering
and the mean dimensionality and size dependence of
these cores of freshly produced PS responsible for visible
radiation from red to green.

5. Conclusions

The analysis of reverse biased AI/NPS LED
developments for the last ten years has shown
considerable parameter improvement towards practical
implementtations of these devices in microdisplay
technology. Bright and stable light emission was
observed in Al / NPS reverse biased Schottky junction.
The time stability of light emission was quite high
thanks to reliable passivation of porous silicon surface
in the presented device construction.

Developed light emitting devices are totally compa-
tible with modern silicon IC technology. Thus,
AI/NPS light emitting structures fabricated onto a
silicon chip containing driving circuitry can solve
many miniaturization problems for microdisplay
technologies.

This work is partly supported by ISTC grant B276-2.
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