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Abstract

For porous silicon (PS) electroluminescent (EL) devices, metallisation is a key process. The
state of the art of the main preparation methods of thin metallic films used in PS EL devices is
described. Experimental results concerning the structural and electrical characterisation of the
metal/PS/p-Si structures are also presented. Different materials, like Au, In, Au-In, In-Sn, Al,
etc., in a variety of preparation conditions were used as a solid-state contact on the PS layers.
The luminescent properties of these structures were checked after metallic layer deposition by
exciting the samples with an UV lamp. It is known that the transparency of a thin layer of 15
nm thickness is 60% or lower, finally only the luminescent structures were evaluated. Scanning
Force Microscopy was used to investigate the film morphology; from the I-V characteristics of
the metal/PS/p-Si structures it was determined: n<3, series resistance <500 Q, low values for
contact resistance. The structures with low series resistance values, present the EL properties at
lower value of the applied voltage, and are indicated for LED on PS type.

1. Introduction

The porous silicon (PS), composed by Si nanocrystallites, prepared by the
electrochemical etching opened the way to Si optoelectronic devices fabrication
because it shows strong visible photoluminescence (PL) at room temperature [1].
Since 1991 many EL devices have been realised [2-5]. Most of them are made in a
two step process: anodisation and deposition of a contact layer. Very thin metallic
layers are often used as a solid contact on PS electroluminescent devices.

Metallisation is a key process with several requirements as follows: (i) it must
ensure a good electrical contact between the metal layer and PS; (ii) the metal layer
must be thin, to transmit as much light as possible from the PS beneath; (iii) there
must be good control over the penetration depth of the metal into the pores.

The aim of this paper is to investigate the properties of different metallic contacts
on porous silicon layers related to the preparation methods.

2. State of the art regarding the metallic thin films contacts for PS
electroluminescent devices

EL devices with different structures and characteristics have been reported. A very
comprehensive study regarding different PS EL device structures was made by T. L.
Cox [6]. So, there are described the following types of PS EL devices: (i) with top
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contact on PS single layer (if) p-n porosified junction, (iii) PS layer impregnated with
another material, (iv) PS oxidised layer, (v) PS layer contacted by a non-porous
semiconductor, (vi) PS layer in a microcavity, (vii) PS formed by stain etching. These
varieties in EL device technologies make the comparison between the device
characteristics more difficult. One of the major problems in the implementation of PS
layers as solid-state light-emitting elements is the formation of a top electrode on the
PS surface. Until now, different preparation methods for solid contact on PS EL
device have been reported. An important drawback of the existing methods is related
to the high electrical resistance of the contacts that require working voltages as high
as 10-30 V, and result in a low quantum efficiency of the light emitting structures.
The high value of the contact resistance is due to poor penetration of the deposited
material into the PS pores. Additional problems of this poor contact are related to the
insufficient adhesion of the deposited material.

The first EL devices were made by porosification of n- {2] or p- [3, 7] type Si with
a top contact of either gold or indium tin oxide. The reported device [2] emitted red
light at 200 V with a low efficiency. Later variants have threshold voltages as low as
1.35 V {8] and efficiency up to 0.05 % [9]. In any case, there are many factors which
depend on the EL device properties. The efficiency of the PS EL devices is usually
low (10 %), although some groups have reported lower values. The effect of using
different metals [10] to contact PS layer produced by anodising under UV light has
been studied. The peak wavelengths depend on the metal contact, and can be varied
in the range 455 nm (indium) to 700 nm (antimony). One group has obtained a
structure in which optically transmitting windows are produced in an opaque
aluminium contact layer by anodically oxidising the aluminium to form transparent
aluminium oxide [11-15]. The synthesis of the main PS solid contact preparation
methods is presented below.

2.1. Physical vapour deposition (PVD) methods: thermal heating/electron beam
evaporation and sputtering

The most usual methods for PS EL devices contact fabrication are evaporation and
electron beam sputtering. In order to obtain a better penetration of the metallic layer
in PS pores, the dynamic deposition regime at an angle of 30° is usually used for PS
solid contacts.

It is generally known that PS fabricated by low-current density (1-100 mA/cm?)
anodisation has a spongelike structure with low carrier mobility [16]. For
electroluminescent device applications, a sufficient electrode contact over the inside
of PS, such as aqueous electrolyte contact [17], is necessary. However, these contacts
are difficult to achieve by normal evaporation techniques, so that, the electrode-
contact area is limited to the top of the surface, and the rest of the PS layer acts only
as a resistor in such kind of diodes. Moreover, the large inner surface of the PS layer
interacts with the air, and the oxidised PS causes the increase of the series resistance
and the instability of the devices. The PS solid contact can be a single metal such as
Au, Cr, Al, or can be formed by successive layers In/Au, In/Sn, Sn/Au or by the
respective alloys. In the case of In-Au contact on PS, the device EL increase 150
times, and the emission light peak shifts towards lower wave numbers. In addition,
the efficiency increases twice [10,18-19].
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2.2. Electroplating method

In order to avoid the PS deterioration of luminescence properties, it is indicated to
use a method to fill the pores with some material, such as the electrochemical
processing. Metals such as gold, indium, or polymers such as polyaniline,
polypyrrole, polyfuran and polythiophene have been deposited on PS as solid
contacts,

This process is conducted in a liquid solution which penetrates over the entire
depth of the pores and is stimulated by an electric field, thus making it possible to
form a contact layer at the pore bottoms where the maximum electric field is
localized. The conducting material is not required to completely fill the inner pore
because this could short circuit the active layer. The best solution to increase the light
device efficiency is to cover the Si skeleton walls with a very thin conductive layer in
order to ensure the contact transparency. There are only a few published papers [20]
on this subject because it is very difficult to approximate the PS area and the
cathode/anode current density, in order to cover the Si skeleton walls and not to fill
the pores.

2.3. Chemical vapour infiltration and deposition (CVID)

In this process a PS substrate is placed in a vacuum and is warmed. The process is
monitored in such a way that the vapour precursor molecules have enough time to
penetrate and decompose inside the PS pores. The vapour which has not penetrated
into the pores will decompose above the warmed PS, resulting in a metal cap over the
PS substrate surface. By this method, Co was deposited on and in a porous silicon
layer using deuterated cobalt carbonyl hydride DCo(CO),. [21].

This precursor is unstable, and below 22°C decomposes and reacts with Si-H
bonds on the pore walls to give Si-Co bonds.

3. Experimental data

Different materials such as Au, In, Au-In, Sn-Au, In-Sn, Al Cr, Ni, Mo, Ti, doped and
undoped polypyrrole, obtained in a variety of preparation conditions have been used
as solid-state contact on the PS layers for EL device applications (Table 1).

The luminescence from the metal/PS structures was observed by exciting the
samples with an UV lamp. Only the properties of the luminescent structures were
determined. Metal/PS morphology was investigated by scanning force microscopy
(SFM) [22]. UV-visible spectra of the metals used as solid contact on PS were
determined. The electrical characterisation of the metal/PS/p-Si structures was
performed by current-voltage (I-V) measuring using a computer-interfaced Keithley
apparatus. The structures were measured under forward (positive bias applied to p-Si)
and reverse bias conditions, at room temperature.

3.1. Solid contacts preparation

The starting material was crystalline p-Si wafers (100) oriented and with 6-10 Qcm
resistivity. The PS layers formation was performed in an electrochemical process. The
concentrations of the ethanoic HF solutions were 12% and the current densities 10
mA/cm?, in order to obtain 80% porous silicon porosity [23].
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For the solid-state contact, after anodisation, conducting materials were formed
on PS by (i) vacuum evaporation: Au, In, Au-In, In-Sn, Sn-Au, ITO, Al, Ti, Mo, Cr,
Ni (2-3 Afsec and 25-30 Afsec), (ii) electrochemical deposition: Au, In,
doped/undoped polypyrrole. The technological conditions were chosen in order to
obtain thin, 10-20 nm metallic layers. The current densities for the electrochemical
deposition processes were calculated for geometric surfaces of the samples: if the
deposition takes place at the pore bottom only, current densities are the same, if the
reaction takes place at the entire surface, real current densities are much lower.

3.2. Thin metallic films optical characterisation

The extinction coefficient changes with wavelength for each compound due to the
changes in absorption (raising of energy states of the electrons) of the compound at
different wavelengths (energy levels). A plot of the molar extinction coefficient
versus wavelength will thus give a continuous curve of the wavelengths of absorption
of a given compound. The extinction index values for different metals, after Johnson
and Christy [24], indicate a better transmission in high energy zone, E=2-2.75 eV,
(450-550 nm). It can be observed that gold is the best metal to be used as contact for
the electroluminescent devices emitting in the blue zone, while chromium, and after
that gold, cooper, and titanium are more suitable for the red light zone.
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Fig. 1. The extinction index of some usual metals used as contacts on PS (after Johnson and Christy [24]).

The UV-visible transmission light of the metallic thin layer used as PS contact
was determined (Fig.2). The transmission light through the investigated materials was
in good agreement with the literature data [24]. It can be seen that the light
transmission decreases dramatically with the film thickness; practically only very thin
film, d<10-12 nm can be used as solid contacts on PS. The In, In-Au, and In-Sn light
transmission was not determined, but all these layers have good light transmission
properties, even though they are thicker than 20 nm, due to their partial oxidation in
air atmosphere.
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Fig. 2. The transmission spectra of vacuum evaporated metallic films, in the wavelenght interval
characteristic for PS light emission.

3.3.  Metal/PS structures morphology

Metal layers cover the PS layers. 80% PS layers without metallic contact (Fig. 3a)
and with Au contacts on it surface (Fig. 3b) was investigated by SFM.

Fig 3. AFM image for 80% PS (a) and for Au/80% PS/p-Si (b)

Due to the small dimensions of PS fibrils (3-5 nm), the thin metallic film does not
follow the shape of the PS surface, it is only applied on the top of the Si fibrils.

However, from the SIMS spectra indicated a penetration of the metallic layer into the
PS pores of about 20 nm (Fig. 4) [23].
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Fig. 4. SIMS depth profile of the Au/PS structure.




343

3.4. Electrical characterisation

To explore the mechanism of room-temperature visible EL from LED/PS, it is very
important to characterize the electrical properties of the conducting material/PS
interface. From the current-voltage measurements, the characteristics of the different
metallic contacts / 80%PS / Si-p structures show a rectifying behavior (Fig. 5). These
curves were analyzed using the thermionic emission equation.

At low injection levels (< 0.2V) the I-V characteristics are different for Al
contacts and InSn, Au, and In contacts. An explanation is that the better contact metal
/ PS was electrochemically obtained for InSn, Au, and In compared to vacuum
deposited Al. This is due to the better penetration of the pores by the electrolyte
solution. The lower » values at low injection levels are due to the reduction of the
interface states, as a result of the good stabilization of the PS surface. @ y is in the
same range of values: 0.83 eV (Al), 0.72 eV (InSn), 0.75 eV (Au). The best contact
with lower series resistance and lower ideality factor is realized by electrochemically
deposited In. These type of structures are indicated for LED on PS.
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Fig. 5. -V forward characteristics for some metallic layers used as LED solid contacts
4. Conclusions

Different thin films were investigated as the solid contact for PS electroluminescent
devices. The electrical measurements demonstrated that the electrochemical processes
are suitable for preparing metallic contacts on PS electroluminescent devices. The
gold represents the best choice due to its high light emission transmission, on the
whole wavelength light emission domain of the PS. Also, good results were obtained
usinog electrochemical In and vacuum deposited In-Sn contacts, annealed in air at
120°C.
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