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Abstract: A lower resistivity and better spectra selectivity is a measurement of the quality and potential use of silver Ag
and aluminium Al metals for the application as metallization contacts for solar cells. Aluminium (Al) and silver (Ag) thin

films deposited by thermal evaporation

at room temperature were dense with small grain sizes, and maintained a high value

of reflectance (in the spectral range from 300 to 3200 nm) with annealing at 300 °C in an argon atmosphere. Experimental
results indicate that the surface roughness is increased while the film’s resistivities are reduced. It was also found that the
surface roughness and work function of metal films are very important to enhance the stability and efficiency of electrode thin

films used for solar cells.
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1. Introduction

In recent years, there has been an increase in the number
of applications of Aluminium (Al) and silver (Ag) thin films,
due to their unique optical, electrical and mechanical
properties which are different to those of bulk materials.
These properties have led them to play an irreplaceable and
increasing role in many areas of today’s very demanding and
rapidly developing technology, especially in the electronic
device applications and optical industries [1-3]. The ability
to deposit thin films of various materials is important for
the fabrication of modern microelectronic devices and for
enabling a variety of investigations of fundamental physical
principles.

Interest in metal films as contacts in microelectronic
devices such as aluminium and silver, has increased for a
wide range of applications including heat-reflecting mirrors
[4], the field of flat panel displays [5], antireflection
coatings [6], organic light-emitting diodes [7], gas sensors [8]
and as contact electrodes in solar cells [9]. Silver is used as
contact metallization in the microelectronic devices due to
its low surface resistivity (1.57 uQ.cm at room temperature)
[10-14] and to its thermal stability. It is believed that Silver
has lower resistance than that of Aluminium. Based on these
reasons silver Ag is considered to be one of a potential
metallization schemes for future integrated circuits (IC's).

Aluminium is a popular metal used to interconnect ICs,

both to make ohmic contact to the devices and connect these
to the bonding pads on the chip's edge. Aluminium adheres
well to both silicon and silicon dioxide, can be easily
vacuum deposited (since it has a low boiling point), and has
high conductivity [15].

In general the desired properties for silver and aluminium
films used as metallization contacts are as follows:

1- Low specific resistivity.

2- Good thermal stability.

3- High uniformity across the flat substrate.

4- Low particle contamination.

5- Good adherence to substrate.

6- Low manufacturing costs

There are several deposition techniques to grow Al and
Ag metal thin films such as magnetron sputtering [16] and
evaporation [17]. The resulting Al and Ag films exhibit
low resistivity (ca. 4.2 x 10”* Q.cm and 1.57 x 10°° Q.cm)
respectively and high optical reflectance in the visible region
(ca. 90% and 96% ; bandgap, 4. 08 and 4.73eV
respectively), which are to those films deposited on
glass substrates [18-20].

In this investigation, we deposited Aluminium Al and
Silver Ag films by thermal evaporation. We then studied
how annealing of the metal films can affect their
morphologies, and their electrical and optical properties.
Our results proved that the performance of the films is
improved by annealing at a temperature of 300 °C simulated
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to be the operating atmosphere of optoelectronic devices
such as solar cell. Moreover, due to the thermal annealing,
the surface roughness has increased and also the grain sizes.
Furthermore, the films adherence increased but the
resistivity decreased for both metals used.

The goal is then to characterize the thermally evaporated
aluminium Al and silver Ag thin films used as metallization
contacts or cathodes in optoelectronic devices such as solar
cells.

2. Experimental Details

A conventional vacuum evaporation system was used in
the preparation of Silver and Aluminium films onto cleaned
microscope glass substrates in ultrasonic bath with acetone,
rinsed with ultra pure de-ionized water for 15 minutes and
dried in oven at 120 °C for outgassing. The base pressure
prior deposition was approximately 5x10 ~° Torr. The
materials used for film preparation were high-purity
(99.99%) Al and Ag pellets . The substrates were maintained
at room temperature during all sample depositions. The
Schematic Diagram of the evaporation system is shown in
Figure 1.

The experimental setup for vacuum evaporation consists
of a vacuum chamber, vacuum pumps and control panel. The
vacuum chamber is closed by glass shade standing on the
background by rubber gasket. Inside the chamber, there are
substrate holder, wolfram crucible with supply connections,
and shutter. The shutter is located between source and
substrate and is used to cut off vapour stream from
impinging onto the substrate. The thermal evaporation
process starts at a relevant vacuum of 5x10 ~¢ Torr has been
attained in the deposition chamber. This process can be
divided into three steps [20]:

Sublimation of source generated by high temperature.

Transport of vapour towards the substrate.

Vapour condensation and thin film growth on the
substrate. (Substrate may be heated to 200-300°C for better
adhesion).

The vapours of source material are transported towards
the substrate. Molecules of transported material land onto
the substrate and form a thin film. If the depositing species
or molecules arrival energy is too high they can come back
to the vapor to be removed from the chamber by means of
the vacuum pumps. This evaporation technology is used to
prepare thin films with controlled chemical composition
[20-21].

During film deposition, the source-substrate distance was
12 cm and was maintained at the same value for all
experiments. A shutter was used to block initial aluminium/
silver evaporating during wetting process. It was above the
evaporation source and remove from the line-of sight of
depositing species 30 seconds after the start of evaporation.
A diffusion pump with a nitrogen trap was used to reduce the
vapor pressure of water and prevent back-streaming of oil
vapor used in the diffusion pump. Silver Ag and aluminium
Al films were deposited with thicknesses ranged from 100

nm to 150 nm usually used in electronic devices and for the
precision in comparing morphological, optical and electrical
properties of both films. In order to simulate the hostile
operation environment of electronic device two sets of
samples were prepared. One set of the as-deposited films
and the second was annealed for 1 hour in argon gas at a
temperature of 300 °C, in order to investigate the changes in
thin film properties if any. The surface morphology and
roughness were observed using Atomic Force Microscopy
(AFM) model (Veeco CT2) in tapping mode. The optical
reflectance measurements were performed with a Perkin
Elmer Lambda 40 UV/Visible Spectrophotometer.

Substrate
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Figure 1. Schematic diagram of the evaporation system used in metal film
deposition.

3. Results
3.1. Optical Properties

Figure 2 represents the reflectance spectra of both Al and
Ag films measured in the wavelength range from 300 nm to
3200 nm of 150 nm thick films. All silver Ag deposited films
showed high reflectance slightly over 90% before annealing.
While for the aluminium Al films, the reflectance was about
87%.  Figure 3 shows the reflectance spectra for the
as-deposited Aluminium samples compared to annealed
ones at 300 °C in an argon atmosphere. The annealed
aluminium Al films showed a slight increase (2-3%) in the
reflectance spectrum. For the annealed silver Ag films, the
reflectance spectrum was nearly similar to the as-deposited
spectrum as shown in Figure 4.
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Figure 2. Reflectance spectra of both Al and Ag films measured in the
wavelength range from 300 nm to 3200 nm of 150 nm thick films.
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Figure 3. Reflectance spectra of as deposited and annealed at 300 °C Al
films measured in the wavelength range from 300 nm to 3200 nm of 150 nm
thick films.
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Figure 4. Reflectance spectra of as-deposited and annealed at 300 °C silver
Ag films measured in the wavelength range from 300 nm to 3200 nm of 150
nm thick films.

3.2. Matlab Interpolation

Figure 5 shows the measured and simulated reflectance
spectra of the Aluminium thin films (150 nm thick) in the
range 600 — 1500 nm. The films showed a reflectance higher
than 90% in the visible range. The measured data were then
interpolated using MATLAB built-in functions interp [22].
The modeled reflection spectrum of Al thin films deposited
on glass is in good agreement with measured data. Figure 6
shows as well similar spectra of the measured and simulated
reflectance of the silver thin films. The main goals of the
MATLAB modeling process of reflectance spectra for both
aluminium and silver metal films were to:

Predict and Track what actually should be the reflectance
spectra and determine the improvements if any that must be
made to the evaporation process to make these spectra look
optimal.

Define the desired evaporation process parameters and
how they should be performed to obtain high spectral
properties of the metal films.

Maintain the deposition conditions such as current to the
crucible, vacuum, deposition time, film thickness and
distance to-substrate which, if followed, would lead to the
desired film properties.
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Figure 5. The modeled/measured reflection spectrum of aluminium Al thin
films on glass substrates.
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Figure 6.The modeled/measured reflection spectra of silver Ag thin films on
glass substrates.

3.3. Atomic Force Microscopy

Atomic Force Microscopy (AFM) was used to evaluate
surface roughness and grain sizes of the deposited
aluminium Al and silver Ag metal films used as cathodes in
the proposed solar cells. The proposed organic solar cell
based on glass substrate is illustrated in Figure 7. The
organic layer to be used is a new conjugated polymer
poly{[2-[2',5'-bis(2"-ethylhexyloxy)phenyl]-1,4-phenylene
vinylene]-co-[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenyle
nevinylene]},BEHP-co-MEH-PPV.

Incident light

| Glass Substrate
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Figure 7. A schematic diagram of the organic solar cell.

Figure 8 shows the surface morphology and the roughness
of aluminium Al films. Images are provided below at 4 pum
magnification for Aluminium and silver films in order to
make the comparison of results easy. The deposited film
surfaces were mainly smooth and dense for the entire
Aluminium cathode films, and showed fine crystalline
structure, with grain sizes at ambient temperature in the
range of 5-6 nm and average roughness of 15 nm. Smooth
and dense aluminium cathode would enhance its chemical
stability, especially when used in long term operation of
organic solar cells. Figure 9 shows the small grain sizes of
the silver films deposited on glass substrates. The deposited
film surface was smooth and dense with small grain sizes in
the range (2-3 nm) with surface roughness of 20 nm. Figure
10 shows the Surface of annealed aluminium Al film used as
a cathode with grain size of (8-10 nm) and average
roughness (15 nm) of the film. Annealing of the silver films
at 300 °C resulted in increase of the surface roughness of the
films as shown in Figure 11. It shows an increase in both
roughness up to (35 nm) and grain sizes (6-10 nm) of the
annealed silver films.
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Since all metal films were deposited at ambient
temperature, this may result in voids or defects in the film
structure. The annealing was aimed to minimize the voids in
the structure of the film. The voids may be due to the high
energy of ions landing on the substrate to grow as thin film.
Scotch-tape tests were performed to demonstrate good
adhesion of the annealed metal film on the glass substrate.
The annealed films showed good adhesion to the substrate.

(b)

Figure 8. (a) Surface of the as-deposited aluminium Al Film used as a
cathode with small grains and (b) and roughness of the film.

(b)

Figure 9. (a) Surface of the as-deposited silver Ag Film used as a cathode
with small grains and (b) and roughness of the film.

Wl Image

feafly 20888
AesRMS: 323208
fog Heght 2.0700mm
Msx Range: 6132308

S13m

000

(a)

" (b)

Figure 10. (a) Surface of annealed aluminium Al Film used as a cathode
with small grains and (b) roughness of the film annealed at 300 °C.
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Figure 11. (a) Surface of silver Ag Film used as a cathode with small grains
and (b) roughness of the film annealed at 300 °C.

3.4. Resistivity

The sheet resistance Rs of the deposited films was
measured using a four-point probe method at room
temperature. By assuming that the thickness of the films was
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uniform, the resistivity p of the films was calculated from
the simple equation p = R; d, where d is the film thickness. A
low resistivity of 2.25 x 10”* Q-cm and 1.54 x 10" * Q-cm
was measured for the 150 nm thick aluminium Al and silver
Ag films respectively, at ambient temperature. Typical
properties and results obtained for the as-deposited and
annealed Aluminium films used as a cathode are presented
in Table 1 below. Table 2 shows the typical properties and
results obtained for the aluminium Al and silver Ag films,
while table 3 shows the typical properties obtained for the
as deposited and annealed silver Ag films. The change in
the resisitivity of the aluminium Al films with annealing is
shown in Figure 12.

Table 1. Typical properties and results measured for the Aluminium Al
Sfilms.

Results (Al Results (Al
Property (as-depo(site)d) (amlealeil) )
Reflectance (%) 93-94 94-95
Optical Band gap (eV) 3-4.6 3-45
Sheet resistance (Q / o) 22.5 22.5
Resistivity ((.cm) 2.35x10™* 1.54 x10°™*
Surface roughness (nm) 7-10 10-15
Grain sizes (nm) 5-6 10-12

Table 2. Typical properties and results measured for the as deposited
aluminum Al and silver Ag films.

Property ng:iliso(sﬁle)d) z::ililéso(sﬁf()i)
Reflectance (%) 93-94 96

Optical Band gap (eV) 3-4.6 4.73

Sheet resistance (Q / 0) 15 10.5
Resistivity ((.cm) 2.25x10™* 1.57 x10™*
Surface roughness (nm) 7-10 2.5 nm

Table 3. Typical properties and results obtained for the as-deposited and

annealed silver Ag films.

Results (Ag)

Results (Ag)

Property (as-deposited) ( annealed)
Reflectance (%) 94 94
Optical Band gap (eV) 4.73 4.73
Sheet resistance (Q / o) 10.5 10.5
Resistivity (Q.cm) 1.57 x107* 1.57 x107*
Surface roughness (nm) 2.5 2.5
v
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Figure 12. Resisitivity of the aluminum films versus annealing Temperature

The surface roughness and work function properties of
metallization films deposited on glass/silicon substrates
used in the fabrication of electronic devices are very
important to enhance the stability and efficiency of these
devices such as solar cell. All functional active layers of the
solar cell, which act as injection, transportation and emission
layers are deposited onto the substrate, so the surface
morphology of substrate is directly transferred to these
layers. So uneven interface between the substrate and the
solar cell layers is not desirable for the efficiency and
stability of cells

4. Molecular Dynamic (MD)
Simulations

Simulation technology has been developed not only to
optimize the process conditions efficiently but also to
predict the structure profile of the metallization contacts.
Therefore, it is necessary to simulate precise profiles by
considering the collisions of the evaporated particles with
the background gas, the energy of atoms after the emission
from the target and the interface between thin film and
substrate. Figure 13 shows a computer modeling of a
structural zone model for silver coating growth.
Computational time restricted the film growth to a
two-dimensional growth cell where the film extends in the x
direction and grows in the z direction. The energy of the
silver vapour was selected to be 1 eV. Thermal energy from
annealing helps to minimize the voids and porous structure
of the thin films. It also removes defects in the film's
microstructure which are due to high energy ions landing on
the substrate kept at ambient temperature during the thermal
evaporation process.

(b) Heating the substrate improves the thin film quality.

Figure 13. Structural zone model for silver film growth.
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5. Summary

In summary, this paper presents the deposition of highly
reflecting and conducting metallization thin films to be used
as a cathode electrode of an organic solar cell. A metal thin
film with low resistivity (ca. 4.2 x 10" Q.cm) and high
visible-light-reflectance (ca. 90%; bandgap, 3.71 eV) can be
achieved on films using a conventional evaporation process,
those characteristics are comparable to those of metal films
deposited on a glass substrate. The metal films obtained here
are applicable to various optoelectronic devices such as solar
cells and even organic light emitting diodes.

Super-smooth metal films are particularly desirable for
various electronic devices. Annealing the films resulted in
reduced optical properties, increased adhesion to substrates,
and increasing of surface roughnesses of both films. The
adhesion quality of deposited films onto substrates is
directly dependent on the cleanliness of the substrate
surface.

Smooth and dense aluminum and silver cathodes would
enhance their stability, especially when used in long term
operation of solar cells.
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