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The Fundamentals of
Plasma-Assisted CVD
Technique Employed in
Thin Films Production

Oday A. Hamadi

This paper reviews the physical and chemical principles of plasma-assisted
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chemical vapor deposition (CVD) technique for thin films. We focus on the
integration, process, and reliability requirements for dielectric films used
for isolation, passivation, barrier, and antireflective-coating applications

in ultra-large-scale integrated (ULSI) semiconductor circuits.
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1. Introduction

The fact that a gas discharge containing
charged (ion) and neutral (radical) species can be
used to initiate chemical processes has been
known for over a century [1]. In later studies,
other material-transport phenomena using a
high-frequency discharge with an applied
external electrode had also been observed [1].
With regard to the latter, the first experimental
result, by Anderson in 1962, showed that a radio
frequency (rf) voltage can be applied inside a
glass tube to create reactive species for thin-film
deposition [2]. The following year, Atl et al.
showed that this plasma-assisted CVD (or
simply "plasma CVD") process could be used
for microelectronic applications, especially for
diffusion masks and passivation [3,4]. However,
the use of plasma-assisted deposition processes
for microelectronic circuit manufacturing was
not seriously considered until the introduction of
commercial batch processing equipment in 1974
[5,6]. Since then, plasma-assisted deposition
processing has moved from research and
development lines into current product
manufacturing lines for integrated circuits (ICs).
More research, development, and manufacturing
applications of thin films formed by plasma
deposition have appeared in the technical
literature and various commercial products,
especially for microelectronic devices, as
discussed in many recent publications [7-11].

In recent years, new materials requirements
and lower-processing-temperature requirements
in ULSI circuits, solar energy cells, flat-panel
displays, and optical systems have made plasma-
assisted deposition processes increasingly
important. In general, films of silicon-based
semiconductors and insulators such as boron-
doped or phosphorus-doped and intrinsic
amorphous silicon, silicon oxide, phosphorus-

doped and/or boron-doped silicon oxide, silicon
nitride, and silicon oxynitride deposited by
plasma-assisted CVD are most frequently used
in solar energy cells [12], xerography [13], thin-
film transistors for active-matrix liquid crystal
displays [14], and ICs. There are many reviews
of plasma deposition processes [15], relevant
theory and reaction mechanisms [16], critical
issues and parameters [17], and applications in
IC fabrication [18].

Five principal types of silicon-based thermal
and plasma CVD dielectrics are currently used in
IC fabrication: silicon oxide, silicon nitride,
silicon oxynitride, phosphorus-doped silicon
oxide (PSG), and boron/ phosphorus-doped
silicon oxide (BPSG). Their properties can be
modified to achieve desirable functions. For
example, silicon-rich silicon oxide or nitride
films can be used as charge-storage materials for
erasable programmable read-only memory
(EPROM) devices. The composition of silicon
oxynitride can be tailored to meet specific
photolithography and etching (or simply "etch")
requirements as an antireflective coating (ARC)
[19] and also to meet device and integration
requirements as a barrier film for gate
conductors (to be described later). The gap-
filling (or simply "gap-fill") capability and
degree of local planarization for high-density
plasma (HDP) CVD oxide [20] can be adjusted
by changing the deposition-to-sputter-etching
ratio (or simply "sputter-etch ratio") D/S,
defined as (net deposition rate + blanket
sputtering rate)/(blanket sputtering rate). The
requirements change for HDP CVD oxide when
considering it for use in shallow-trench isolation
(STI) compared to use as an intermetal dielectric
(IMD). For example, maintaining a wafer
temperature less than 400°C is critical for the
IMD application for better metal reliability [21].
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A higher temperature is desirable for the STI
application, since a more dense film that is
highly resistant to subsequent wet-etching steps
is thus obtained. These applications are
discussed in more detail later in the paper.

When tetracthylorthosilicate (TEOS) is used
as the silicon source for PECVD oxide
deposition, there is less cusping because of the
higher surface mobility of the reactants [22];
however, a void still forms if the gap is small
enough, because the conformality of the film is
not 100%. This means that the amount of
deposition on the sidewalls and bottom of the
trench portion of a feature is less than on the top
of the feature. So, in order to use PECVD films
alone for gap-fill applications, they are typically
used in conjunction with an argon sputter etch in
a multistep PECVD-argon sputter etch-PECVD
sequence described previously [23]. Conformal
deposition is more typical for thermal (non-
plasma) CVD processes such as low-pressure
(LP) CVD at high temperatures or for ozone-
TEOS atmospheric or subatmospheric pressure
(AP or SA) CVD at lower temperatures (less
than 600°C). Furthermore, HDP CVD results in
a completely different type of profile because of
the  "bottom-up"  deposition from the
simultaneous deposition and etching. The
resultant topography from any of these CVD
processes plays a decisive role in the choice of
subsequent planarization techniques. TEOS was
the silicon source for the PECVD and the
SACVD, and silane for HDP CVD. The typical
"bread-loaf" profile of the PECVD oxide film
can be adjusted by varying process parameters
such as temperature, pressure, and silicon
source. The profile of the SACVD oxide film is
conformal, and the unique profile of the HDP
CVD oxide film is a result of simultaneous
etching and deposition. Note that SACVD is a
non-plasma process.

Typically, thermal CVD processes such as
LPCVD BPSG, APCVD (or SACVD) BPSG, or
PSG are used to passivate the polysilicon/metal
silicide gate conductor for sub-half-micron
devices because of their high-aspect-ratio fill
capability compared to plasma CVD processes
and because there are no plasma damage
concerns with thermal CVD processing. Process-
induced IC device damage from plasma
processing (in particular at the gate-conductor
level, because there is no device protection) is a
critical issue for the PECVD passivation
dielectrics. Briefly, low process pressure during
deposition of the PECVD PSG was identified as
the main factor causing gate-oxide charge
damage. Increasing the pressure for the PECVD
PSG process regardless of dopant source
(trimethylphosphite or triethylphosphate)
resulted in no charge damage on antenna test
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sites and device structures. A more recent study
describes another technique used to optimize a
PECVD PSG process for plasma damage
designated as corona oxide semiconductor
(COS) charge measurement [24]. The technique,
combined with the antenna test structure method
of measuring plasma damage, provides a fast
and cost-effective way to optimize plasma CVD
processes.

Doped silicon oxide films such as PSG or
BPSG are preferred for gate-conductor
passivation because of their mobile ion barrier
properties [25], low reflow temperature for local
planarization (applies to BPSG only), high etch
selectivity to the underlying barrier layer (e.g.,
nitride [26]), and faster polishing rate compared
to undoped silicon oxide. In this paper, we
discuss our recent work with HDP CVD PSG
including gap-fill and plasma damage results.
We have previously published an overview of
our own work and that of others in IBM on
relevant  thermal CVD  processes and
applications [27].

The gap-fill requirement for dielectrics in the
"back-end-of-line" (BEOL) depends on the
interconnect ~ fabrication = methods  used.
Multilevel interconnects usually involve two
types of planarization methods: the planarization
of interlayer dielectrics and the planarization of
metal layers. For the former, for example, an
Al(Cu)-based layer is patterned into lines and the
insulator is deposited between the spaces and
above the lines. Therefore, a critical requirement
in this case is the filling of the gaps between the
lines without void formation. Void-free filling of
high-aspect-ratio features is not a simple matter
and requires the use of advanced insulator
deposition processes such as HDP CVD. For
submicron metal interconnect fabrication, the
insulator deposition is generally followed by
partial planarization using spin-on-glass (SOG)
[28], a resist etch-back [29], or a global
planarization using, for example, chemical-
mechanical  polishing (CMP). For the
planarization of metal layers, the damascene
technique is most commonly used; several
papers reporting its use in IBM have been
published [30]. Using this technique, a dielectric
such as silicon oxide is deposited on a planar
surface and the wiring level is patterned into the
dielectric using photolithography and RIE. A
thin metal liner and a metal such as tungsten (or
aluminum or copper) are then deposited on the
patterned dielectric and subsequently planarized
by CMP, stopping on the dielectric and leaving
metal in the patterned features. Therefore, in the
damascene technique, the metal rather than the
insulator must fill the high-aspect-ratio features.

A critical film parameter for both
interconnect fabrication techniques is the
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dielectric constant (k) of the IMD material. Use
of a material having a lower dielectric constant
leads to lower total capacitance, decreasing the
interconnection delay and power dissipation
[31], and thus enhancing performance. To
achieve long-range interconnection performance
objectives, low-dielectric-constant IMD will be
required [32]. The dielectric constant of PECVD
silicon oxide is typically 4.1-4.2. By doping the
oxide with fluorine, the dielectric constant can
be reduced to 3.0-3.7, depending on the fluorine
concentration [33]. Si-F replaces the Si-OH and
Si-H bonds in the oxide; since fluorine is more
electronegative, the polarization changes,
lowering the dielectric constant. SOG dielectrics
(siloxanes, silsesquioxanes) and  organic
polymers formed by spin coating (polyimides,
fluorinated polyimides, bisbenzocyclobutenes),
poly(arylethers), or vapor-phase deposition
(parylene N, parylene F, teflon) provide
dielectric constants in the range of 1.9-3.0 [34].
Most polymers with a dielectric constant less
than 3 are stable to only about 350°C. However,
a recent publication on laser-evaporated siloxane
thin films reports a dielectric constant of 2.0 and
thermal stability to 400°C, although integration
results were not published [35]. Also, it has been
reported that parylene exhibits a high thermal
stability [36], and its successful integration into
a metal RIE BEOL has been demonstrated [37].
However, damascene integration may be more
difficult to achieve because of the softness of
parylene films. Spun-on films of materials such
as nanoporous silica and xerogels exhibit a
higher thermal stability and low dielectric
constants (1.3-2.5), depending on their porosity
[38], but associated process integration is
challenging. There has been increased
development activity in plasma-assisted CVD of
amorphous carbon and fluorinated carbon films
because of their low dielectric constants (2.3-
2.7) and thermal stability up to 400°C [39].
Relevant work on insulators having low
dielectric  constants has been described
elsewhere [40].

In this paper, the plasma-assisted CVD of
low-dielectric-constant insulators of potential
interest at the ULSI level, including fluorine-
doped silicon oxide and amorphous carbon and
fluorocarbon, was discussed. To be suitable for
the deposition of such insulators, plasma-
assisted CVD should be applicable at relatively
low substrate temperatures, should not damage
underlying layers or devices that may be present
on the substrate during deposition, and should
produce insulators which, in addition to having
low dielectric constants, satisfy etching,
annealing, planarization, and stability
requirements.
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2. Fundamentals of PECVD

In thermal CVD, gas-phase reactive species
are generated by heating of initial reactants. In
plasma CVD, the plasma energy supplied by an
external rf source takes the place of the heating
to generate the species that subsequently react
and deposit on substrate surfaces. Significantly,
excessive heating and degradation on the
substrate can be avoided by using plasma
electron kinetic energy instead of thermal
energy. Besides the aspect of generating reactive
species at much lower processing temperatures
compared to conventional CVD processing, the
ion bombardment can be used to modify film
characteristics. Plasma CVD processes can be
classified into many sub-processes, such as
plasma  evaporation  deposition,  plasma
sputtering deposition, plasma ion plating, and
plasma nitriding. This classification depends on
the conditions of the plasma generated,
configuration of the vacuum system, location of
the substrate, and type of power supply [19-21].
Plasma-assisted CVD processes for
semiconductor processing are generally carried
out at pressures of ImTorr to 20Torr substrate
temperatures in the range of 100 to 500°C, rf
power densities <0.5 W-cm™, electron densities
of 1.0 x 10% to 1.0x10"cm™, electron mean free
paths of <0.1 c¢m, and average electron energies
of 1eV to 6eV.

When the plasma initiates, energy from the rf
electric field is coupled into the reactant gases
via the kinetic energy of a few free electrons.
These electrons gain energy rapidly through the
electric field and lose energy slowly through
elastic collisions. The high-energy electrons are
capable of inelastic collisions that cause the
reactant gas molecules to dissociate and ionize,
producing secondary electrons by various
electron-impact reactions. Table (1) lists typical
electron-impact reactions of silane molecules in
an rf plasma discharge. In a steady-state
discharge, the electrons generated by electron-
impact reactions equal those electrons that are
lost to the electrode, walls, and reactive species
by attachment and recombination reactions [1].

The two important aspects of a plasma glow
discharge are the nonequilibrium low-
temperature gas-phase chemical reactions that
generate radical and ion reactive species in the
plasma discharge, and the flux and energy of
these reactive species as they reach and strike
the surface of the film being deposited. The
bombardment of the ionic species on the surface
of the film, which controls the surface mobility
of the precursor, is the predominant factor in
determining film composition, density, stress,
and step coverage or conformality at the
relatively low temperatures used in plasma
CVD. Reactant gases similar to those used for
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thermal CVD processes are used for plasma
CVD to deposit silicon-based dielectrics at lower
deposition temperatures.

Table (1) Typical electron-impact reactions of silane
molecules in an rf plasma discharge. The asterisk
(*) refers to electronic excited state [1]

Enthalpy of
Reactant Reaction products
formation (eV)
e +SiH,— SiH,+H,+e 22
SiH; + H+¢ 4.0
Si+2H, +e 4.2
SIH+H,+H+¢ 5.7
SiH*+ H, + H+¢ 8.9
Si*+2H, + ¢ 9.5
SiH, + 2H, +2 € 11.9
SiH; +H+2 ¢ 12.3
Si+2H,+2¢€ 13.6
SIH+H,+H+¢ 15.3

2.1 Reaction Kkinetics

Reactions during plasma deposition are
complex and not completely understood.
Elementary reactions that occur in plasma have
been discussed by various authors [41-43]. The
initial reaction between electrons and reactant
gas molecules or between reactant gas molecules
in plasma can be classified as elastic or inelastic.
In the elastic collisions, only minimal
translational energy transfer occurs between the
gas molecules and reactant gases. For plasma
processing, the elastic collisions play a less
important role in reactant dissociation.
Significantly more translational, rotational,
vibrational, and electronically excitational
energy transfer occurs in the inelastic collisions.
The major inelastic reactions among electrons,
reactant gases, and surface that occur during
plasma-assisted CVD processing are typically
represented in Tables (2-4).

Table (2) Initial electron-impact reactions [1]
Excitation (rotational, e+A, > A +e
vibrational, and

electronic)

Dissociative etA > A+A++e
attachment

Dissociation etA, >2At¢
Tonization e tA, > A+ +2¢

Dissociative ionization € + A, —> A++ A+ 2¢

Some of the inelastic collisions between inert
gases and reactants (such as helium or argon
with silane) significantly affect the chemical
nature of the discharge and the properties of the
deposited films [44-46]. In many plasma
deposition processes, inert carrier and diluent
gases such as helium and argon have been used
to form "cooler" plasma, to create more
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controlled reaction pathways via Penning
reactions between carrier and reactant gases
[47], and to suppress gas-phase reactions
between reactive species. As a result, a plasma
diluted with inert gases such as helium can be
used to deposit higher-quality insulators.

Table (3) Inelastic reactions among reactants, inert
gases, and substrate. M refers to the inert gas or
substrate, and A, B, and C refer to the reactant
gases [1]

A
Penning M*+ A, > 2A«+M
dissociation
Penning ionization M*+A, > A +M+e¢
Ion-ion M+A" "> A+M

recombination
or
M+A,">2A«+M

Electron-ion e+A," —>2A
recombination e+A, tM—> A+ M
Charge transfer M'+A, - A +M

M—+A2—>A2—+M

B
Collisional M*+ Ay > Ay +M+e
detachment
Associative A+A—-A+¢e
detachment
Atom 2A+M — A, +M
recombination
Atom abstraction A+BC—>AB+C
Atom addition A+BC+M — ABC+M

Table (4) Heterogeneous reactions between plasma
and surface. S refers to the surface in contact with
the plasma, and A and B refer to the reactant gases

1l

Atom recombination S-A+A—>S+A,

Metastable de- S+M*—>S+M
excitation

Atom abstraction S-B+A—S+AB
Sputtering S-B+M'—»S"+B+M
Surface contact S+B* > B +e¢ +S
ionization

2.2 Deposition Mechanisms

One of the major advantages of plasma
deposition processing is its flexibility for
depositing films with desirable properties. For
conventional thermal CVD processing, physical
and chemical properties of the deposited film
pertaining to its stress, conformality, density,
moisture resistance, and gap-fill properties can
be altered by changing the composition and/or
type of reactive species. In plasma-assisted
CVD, this can be accomplished by varying
deposition parameters such as temperature, rf
power, pressure, reactant gas mixture ratio, and
type of reactant. For example, silicon oxide films
deposited with TEOS generally show higher step
coverage or conformality than those deposited
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with silane in a plasma-assisted CVD process.
For plasma-assisted CVD of silicon oxide films,
properties can be modified not only by changing
the type of reactive species, but also by the
extent of ion bombardment.

In general, the deposition mechanisms for a
plasma CVD process can be qualitatively
divided into four major steps, as shown in Fig.
(1). Step 1 includes the primary initial electron-
impact reactions between electron and reactant
gases to form ions and radical reactive species
(Tables 1 and 2). Next, in step 2, transport of
these reactive species occurs from the plasma to
the substrate surface concurrently with the
occurrence of many elastic and inelastic
collisions in both the plasma and sheath regions,
classified as ion and radical generation steps
[48]. Step 3 is the absorption and/or reaction of
reactive species (radical absorption and ion
incorporation) onto the substrate surface.
Finally, in step 4, the reactive species and/or
reaction products incorporate into the deposited
films or re-emit from surface back to the gas
phase. Because of their complexity, the latter
two steps are the least known and least studied
aspects of plasma CVD. Significant roles are
played by ion bombardment [49] and various
heterogeneous reactions between ions and
radicals with the depositing surface in the sheath
region. The two steps critically affect film
properties such as conformality [50], density,
stress [51], and "impurity" incorporation.

| | 1) Initial electron
pEs sESs s S s s [ impact
ks a0 5 s
Plasma atate | 20 Inelastic collisions
i

(more energy transfer)
and clastic collisions
(less cnergy transfer);

L \\ the transport step
3, 4) Heterogeneous reaclion

surface-plasma
interactions (surface

Cins exit ion-radicul interaction)

Fig. (1) Four steps that characterize the
mechanisms of plasma CVD process [1]

Plasma CVD  of amorphous and
microcrystalline silicon are the most studied
plasma CVD processes, with hundreds of
publications on their deposition kinetics and
mechanisms. The basic gas-phase chemistry of
the silane plasma has been studied by various
techniques [49-52]. Different mechanisms have
been suggested for the dominant reaction
pathway of silicon deposition. One mechanism
describes SiH; (silyl) radicals playing a
dominant role [53], while others describe the
decomposition of silane to SiH, (silylene) and

1JAPLett Vol. 1, No. 2, July-September 2008

then SiH, insertion into gas-phase SiH, to form
higher silane species [54] as the main silicon
deposition mechanism.

4. Conclusions

We have reviewed the plasma-assisted CVD
of dielectric films, with an emphasis on aspects
relevant to ULSI semiconductor circuits. In
addition, we have indicated that manufacturing
needs must be considered early in the process
and tool development phase. Obviously, the
ultimate goal is to optimize a plasma CVD
process for a particular application at the lowest
cost of ownership. Future research and
development must focus not only on specific
technical issues that arise with each new IC
generation (such as integration of a stable low-k
IMD into the BEOL), but also on
manufacturability and cost. With 300mm-
diameter ~ wafers containing  sub-0.25pm
semiconductor IC circuits on the horizon, the
technical and manufacturing issues are daunting;
new challenges are presented to both the
semiconductor ~ manufacturers and their
equipment suppliers, even for the conventional
processes used in IC production.
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In this paper, experimental results of nondestructive ultrasonic testing
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performed and causes of lateral interference were investigated, optimal
angle transducer constructions were offered. Real angle transducer
parameters and levels of LSAW signals, reflected from artificial defects in
duralumin sample, were evaluated. It was concluded by experimental
investigations that LSAW signal magnitude and collateral interference

level ratio reaches 24dB. This gives opportunity to perform sufficiently
reliable shell product inner surface nondestructive testing using secondary
longitudinal surface waves.
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1. Introduction

Excitation of secondary longitudinal surface
acoustic waves (LSAW II) on the opposite side
of the plate during propagation of primary
LSAW (LSAW 1) [2, 3] on the first surface is
one of the exceptional features of LSAW [1-3].
That permits analysis and detection of surface
defects located on inaccessible inner surface of
the sheet products, such as tanks, reservoirs,
boilers and also nuclear reactor components [4,
5], using secondary LSAW. There are some
reservations about application possibilities of the
secondary LSAW in non-destructive tests under
real conditions, considering natural attenuation
of LSAW, highly exceeding attenuation of
Rayleigh waves. The purpose of this work was to
investigate experimentally the parameters of the
real secondary LSAW signals and to determine
the potential limits for shell product inner surface
analysis.

2. Methodology and Equipment

It was experimentally determined that LSAW
are excited most effectively using variable angle
prismatic transducers [6,7]. The earlier described
digital ultrasonic defectoscope was used in
experiments; it incorporates 2-4 MHz variable
angle prismatic piezoelectric transducers [7]. The
secondary LSAW (LSAW 1I) excitation and
investigation scheme for this case is shown in

Fig. (1).

Fiezoelament

Sample Back reflzsion range

Fig. (1) LSAW Il experimental investigation scheme

The angle emitter matched for the first
critical angle 9'; is excited using the pulse
generator and it generates LSAW 1 in the test
sample. Bulk transversal waves (BTW)
propagate and at the same time generate LSAW
II on the opposite side. During investigation
these waves can be picked up by the angle
receiver placed on the inner surface of the
product. Notches of 1 mm width and of the
different depth (from 2 to 4 mm) are made on the
inner surface in order to simulate the defects.
The receiver placed on the bottom position is
turned around by 180 (Fig. 1, dashed line) in
order to receive the LSAW II, reflected from the
notch. Features of LSAW signal pick-up using
angle transducer Reception of the LSAW signals
by the variable angle transducer is associated
with a series of problems. One of them is the
duplication of the acoustic pulse excited by a
piezoelement generating the plane bulk
longitudinal wave (BLW). Duplication of the
acoustic pulse is due to the small LSAW
excitation angle [8

$ = arcsin(cfj (1

Cr
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where c¢'. and c¢". are velocities of bulk
longitudinal wave in the angle transducer prism
and the sample respectively. For example, the
LSAW is generated in duralumin (¢";=6320m/s)
products using the transducer with the prism,
manufactured of plexi glass (c7=2730m/s),
9',=25.6. In the case when the dimension of the
piezoelement generating the plane BLW d>>A ,
where A is the length of the longitudinal waves
in the prism, conditions may arise for excitation
of piezoelement repeatedly by the reflected BLW
pulse (Fig. 2).

Fiezoelament

Sampla Back rafexion range

Fig. (2) Scheme of repeated excitation of
piezoelement

The LSAW pulses of an identical shape are
generated because of repeated excitation of the
piezoelement by the BLW pulse, reflected from
the surface of the sample (Fig. 3). Besides, the
magnitude of the second LSAW pulse may be
sometimes even higher than of the first, although
it is created by the pulse reflected from the
surface of the test sample, consequently weaker
than the first BLW pulse. This paradox is
explained in the following way. First, when
piezoelement is excited by the electric pulse the
it emits the acoustic pulse, shape of which is
determined by piezoelement pulse response.
Thus, shape of the BLW pulse reflected from the
surface ideally matches the pulse response of the
piezoelement; for this reason efficiency of the
repeated excitation (acoustic) is maximal.
Second, if the transducer incidence angle 3 is not
exactly equal to 9',, then the LSAW II pulse
may be emitted at the angle, closer to 9.,
therefore, it may be stronger than the first one.
The second pulse of the BLW signal may be
eliminated increasing piezoelement distance
from the radiating prism plane, using standard
double transducers with an acoustic delay and an
additional prism (Fig. 4). However, in such case
transducers sensitivity would decrease and
transducers dimensions would increase due to the
increased BLW attenuation in the prism. It can
be even useful as an indication that received
acoustic signal is the LSAW signal, not a lateral
reflection of the BLW in an angle transducer
prism or in the analyzed sample.

10 ALL RIGHTS RESERVED

s Apg

1
dv; 0.82Y dt 24,530

Fig. (3) Duplicated LSAW signal, generated as a
result of repeated excitation of the piezoelement.
Thickness of the sample D=40mm

Baffle

Receiver
Emitter

Prism

Solid bOdyI LSAW

Fig. (4) LSAW angle transducer with additional
prism Noticeably, the duplication of acoustic signal
does not influence measurements or NDT using
LSAW

Another  lateral  effect, natural  to
investigations of LSAW, is associated with back
radiation (pick-up) of the angle type transducer.
It was found experimentally that the angle type
transducer radiates (receives) LSAW not only in
the forward direction, but also in the reverse
direction. The measured ratio of transducer
sensitivities in the forward and the reverse
directions is 23.5 dB. Collateral forward LSAW
pulses can be seen on oscilloscope display due to
reception in the reverse direction, when the
LSAW signals, reflected from the defect, are
received using the experimental set-up, shown in
Fig. (1). They are observed in the time domain
earlier than the LSAW pulses reflected from the
defect, which have traveled a longer distance

(Fig. 5).
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Emitter
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—_————
Solid body LSAW

Fig. (5) LSAW signal on the display of a digital
oscilloscope: (1) LSAW, pulse, reflected from the
defect; (2) duplicated collateral (forward) LSAW
pulses, picked by the receiver in the reverse
direction; (3) repeated piezoelement excitation
pulse, reflected from the defect

Especially negative factor is that collateral
pulses are the first on the time axis.
Interpretation of a complex signal can be
complicated and may lead to non-destructive
testing errors, if collateral reverse reception
signals are significant in a magnitude. In such
cases unwanted reverse reception signals can be
eliminated using the angle transducer with two
identical piezoelement (Fig. 6) and introducing
the reception channel, using electronic gate
blocking for a time interval
At 2(A4, +At, )+ 2(A,, + Aty )+ ALl (2)
where Af; and Agare respectively the first
piezoelement (emitter) radiated and the second
piezoelement (receiver) received BLW pulse
delay times in the prism; Aty and Aty are
respectively the first and the second piezo-crystal
BTW pulse delay times in the sample; Ay is
the delay time of the LSAW II signals, when
they propagate between the points A and B.

Emitter Racaivar

I e

Double angle transducer

Sample

/

————— 7

LEAW I

A B

Fig. (6) Double angle transducer In this case the
LSAW signal, reflected from the surface defect or
sample edge is the first received ultrasonic signal,
observed on an oscilloscope display
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3. Results and Discussion

Set-up used for experimental investigations is
shown in Fig. (1). After determining the value of
the first critical angle 9',=25.,6, two identical
fixed angle transducers were made where the
piezoelement are acoustically damped. The
transducer maximum sensitivity frequency is 2,5
MHz. LSAW-II signal excited by one of these
transducers and received by another on is shown
in Fig. (7), in which LSAW II signal received by
the angle transducer (1) at 2.5MHz, propagating
in the forward direction.

When pick-up transducer is turned around by
180, the LSAW II signals reflected from the
artificial defect (Imm width, h=2mm depth
notch) are registered by it, and the different
distances from the defect are selected (Fig. 8).
The first two lower magnitude pulses are
collateral LSAW 1I signals, propagating in the
direction of the defect and received by the
reverse side of the angle transducer. When the
transducer is moved closer to the defect, the
LSAW II signal reflected from it moves along
sweep origin direction, and when L=0 its
magnitude is maximal (Fig 8b). When the
transducer is behind the defect, there is no
LSAW II signal, reflected from the defect; only
duplicated collateral pulses are left (Fig. 8d).

When the inner surfaces of sheet type
products are investigated using LSAW 11, these
waves have to be excited and received up from
the outer surface side by the same angle
transducer or using the double transducer (Fig. 4,
Fig. 6). Scheme of such investigation is shown in
Fig. (9), and the LSAW 1II signal reflected from
the defect in Fig. (10).

In this case there are no signals received by
the reverse side of pick-up element. Although
LSAW 1I signal and the hardware interference
ratio (16-24 dB) is less than during investigation
using two separate transducers (~40dB), it is still
sufficiently large to register the defect reliably.
In the sheet sample with the thickness D=10mm,
due to multiple signal reflections between the
walls and due to small BTW attenuation in
duralumin, the received acoustic signal is strong
and consists of long series of LSAW II waves,
reflected from the defect (Fig. 11). This
indicates, that it could be possible to use higher
than 2.5MHz frequency angle transducers for
sheet products, which would allow to increase
the investigation accuracy and to detect smaller
defects.

© 2008 Iraqi Society for Alternative and Renewable Energy Sources and Techniques (I.S.A.R.E.S.T.) 11
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Fig. (9) Scheme of inner surface investigation using
LSAW II

It should be noticed, that only a part of
LSAW 1I energy is reflected from 2mm depth
notch (defect), and the magnitude of the received
LSAW II signal is significantly greater (~3dB)
when defect is deeper (h=4mm) (Fig. 11, b). That
confirms LSAW property to propagate in a near-
surface layer.

Since the angle type transducer radiates
directional LSAW, it is naturally that the
magnitude of the signal reflected from a regular
shape defect (smooth notch) depends on the
defect orientation with respect to the LSAW
propagation direction. Therefore, detection
probability of defects of such nature is higher for
the defects, orientation of which can be foreseen
(e. g., for defects along welding juncture). The
described investigations were performed by the
angle transducer, directional characteristic width
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of which in the plane of sample surface measured
at the 3dB level was 3-40.
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Fig. (10) LSAW Il signal, reflected from the inner
defect, when D=40mm and the distance L (a) 0 (b)
20mm
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Fig. (11) LSAW Il signals, reflected from notch in
plate with thickness D=10mm. Depth of notch
(defect) h: (a) 2mm (b) 4mm
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4. Conclusions

The level of LSAW 1I signals excited and
picked up by angle transducers is less than the
level of LSAW 1 by 10'°dB, but it is still
sufficient in order to perform non-destructive
ultrasonic testing of shells and inner walls of
sheet type product (tanks, boilers). Double angle
transducers are the most efficient for registration
of LSAW 1II in products with known acoustic
properties. LSAW II non-destructive testing is
more efficient for investigation of regular shape
defects (cracks) with predictable orientation, for
example, along welded joint.
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1. Introduction

A promising application of wavelet
transforms is in the field of digital wireless
communications where they can be used to
generate waveforms that are suitable for
transmission over wireless channels. This type of
modulation is known as wavelet modulation
(WM) or fractal modulation. The advantage of
this scheme emerges from the fact that wavelet
modulation allows transmission of the data signal
at multiple rates simultaneously.

Wornell and Oppenheim outlined the design
of the transmitter and receiver for wavelet
modulation (WM) [1]. The performance of
wavelet modulation in an additive, white
Gaussian noise (AWGN) channel was also
evaluated in Ref. [1]. Wornell showed that the bit
error rate (BER) performance of wavelet
modulation is a function of signal-to-noise ratio
(SNR) in the channel; the estimate of the
received bit becomes more accurate as the
number of noisy observations used to calculate it
is increased. Ptasinski and Fellman simulated
wavelet modulation using the Daubechies N=4
wavelet and measured its BER performance in an
AWGN channel [2]. The performance of wavelet
modulation was shown to be equivalent to that
calculated by Ref. [1] (i.e. the results were
equivalent to binary phase shift keying (BPSK)
performance for the AWGN channel) [2]. In all
of the previous research, the BER performance
was measured using a single scale (i.e. rate) for
demodulation.

Wavelets have also been proposed for use in
other aspects of communication systems.

14 ALL RIGHTS RESERVED

Multiple access schemes using orthogonal
wavelet-based codes have been proposed as an
alternative to code division multiple access
(CDMA) [3,4]. Wavelet-based modulation
techniques  for  frequency-hopped  spread
spectrum communications have also appeared in
the literature [5,6] as the wavelet packet
transform. An extension of the wavelet
transform, in which the high pass branches are
iterated as well as the low pass branches, has led
to the development of wavelet packet modulation
(WPM). This modulation technique exploits the
larger selection of time-frequency tailings at its
disposal to minimize channel disturbances [7,8].

A fading channel is modeled with a
multiplicative fading component and an additive
noise component. The order of simulation
complexity for such a process for 1-D
modulations is one addition and one
multiplication. For 2-D modulation methods, the
complexity for one symbol is one complex
multiplication and one complex addition per
symbol. This is equivalent to four real
multiplications and four real additions for each
symbol [9].

2. Modeling Procedure

Clarke [5] has proposed a statistical model
for the received signal amplitude of the flat-
fading channel based on scattering propagation.
Gans [10] has further shown that in the case of
isotropic, two-dimensional scattering with an
omni-directional ~ receiving  antenna,  the
quadrature Gaussian processes representing the
fading have autocorrelation function (ACF) [11].
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The most common channel model
encountered in communications systems is the
additive white Gaussian noise (AWGN) channel.
In this channel, zero-mean white Gaussian noise
is added to the transmitted signal s(7), so that the
received signal 7(f) can be represented as:

r(t) = s(?) + n(?) @)
where n(f) is a zero-mean white Gaussian noise
process. N,/2 is the power spectral density of the
noise term n(7).

The time dispersion in a multi-path
environment causes the signal to undergo either
flat or frequency selective fading. If the channel
has a constant gain and linear phase response
over a bandwidth that is greater than the
bandwidth of the transmitted signal, then the
received signal undergoes flat fading (i.e. the
received signal is not distorted by inter-symbol
interference). In a flat fading, channel the signal
bandwidth is much smaller than the coherence
bandwidth of the channel. Alternatively, time
dispersion can be described in terms of the
symbol period (7). In a flat fading, channel Ty is
much larger than the root-mean-square (r.m.s)
delay spread of the channel (o). In these wavelet
modulation trials T at scale 10 is 0.977ms and T
at scale 13 is 122us. The form of this simulated
model, Eq. (2), results in a flat fading channel for
all scales (i.e. o0<<Ts;;<Ts;y) since o, 1is
effectively zero in this model.

Small scale fading can be modeled as a
Rayleigh distribution [12,13]. The received
signal is given by

H(t) = s(OR() + n() )

As in the AWGN channel, s(f) is the
transmitted signal and n(#) represents thermal and
device noise (it also still dictates the SNR). The
impact of the Rayleigh, flat, slow fading channel
is given by the multiplicative R(#) [12]. The
function #(¢) is coherently demodulated; perfect
carrier synchronization is assumed at the
receiver.

If the bandwidth of the signal of interest
exceeds the coherence bandwidth of the channel,
the signal undergoes frequency selective fading.
In the frequency domain, the channel causes
different levels of attenuation for different
frequency components of the signal. Frequency
selective fading is caused by multi-path delays
which approach or exceed the symbol period of
the transmitted symbol (i.e. Ts<o,), where o, is
still the r.m.s delay spread of the channel. In
practice, 7s<100, will result in a frequency
selective channel as the channel introduces ISI.

I have used a two-ray channel model with a
variable r.m.s delay spread o,. (o, was varied
between 0.2ps and 120ps). In propagation
measurements by Reference [14] at 900MHz,
urban areas typically had r.m.s delays in the
range of 2—3ps, hilly residential areas had r.m.s

IJAPLett Vol. 1, No. 2, July-September 2008

delays in the range of 5—7us and worst case r.m.s
delay spreads were of the order of 20us. Excess
delays in the range of 100us were also observed.
For the frequency selective fading channel, the
received signal is given by:

rO)=oRo(1)s(t) + a,R(D)s(t—1;) + n(1)  (3)
where a, and a; are the amplitudes of the main
ray and the secondary ray, respectively.

The signal energy in the main component
along with the power of the noise term, n(%),
determines the SNR of the signal. The secondary
component with a factor of a; and delayed by 1,
corresponds to the first multi-path bin with
significant amplitude.

The r.m.s delay spread is defined as [12]:

o, =\7° - (2)’ )

where 7 is the mean excess delay and is defined

by:
; - Zk P(Tk )Tk (5)
2. P@)

where P(z;) is the power of the &A™ component
(ray) and is obtained from the power delay
profile of the channel and 7 is the delay of the k™
component. All delays are measured relative to
the first signal arriving at 7,=0. The second
moment of the power delay profile (z;) is given
by:

? — Z,\, P(Tk )7'1\2 (6)
2 P@)

For these experiments, I simulate two paths
so that k=0 and k=1. Furthermore, in many of
these trials, ay=a;; thus Eq. (4) simplifies to
o=1;. Now, P(t;) is given by ay where oy is the
amplitude (gain) of the ™ ray.

The sum of E{a’,Ry(¢)’} and E{o’;R,(t)’} is
set to unity so that the channel has an average
power gain of one [15]. This is to ensure that the
average signal energy at the input and output of
the channel remains the same. A generalized
block diagram of a frequency selective channel is
shown in Fig. (1) for an N-path channel. For
frequency-selective channel in (3), N=2 [12].

In Fig. (1), the Rayleigh waveform Ry-;(f)
can be generated using Clarke [5] and Gans [10]
fading model. A Rayleigh fading waveform can
be simulated by generating independent in-phase
and quadrature complex Gaussian noise samples
and filtering them by H(f) as shown in Fig. (2).
SeA(f) is the spectrum of the Doppler filter.
Particularly, it has been shown that for an omni-
directional A/4 antenna with a gain of 1.5, the
Doppler spectrum is given by [16]:

7

$.()= @
e .

K
where f. is the center frequency and f,, is the
maximum Doppler spread. The frequency f. is
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zero and f,, takes values of 60Hz and 120Hz. The
sum of the in-phase and quadrature terms at the
output of the inverse fast Fourier transformation
(IFFT) forms the complex Rayleigh fading
waveform Ry—;(f). The waveform has a Rayleigh
distributed amplitude and a uniformly distributed
phase in the interval [0,2w). The r.m.s value of
the envelope is normalized to one. This
normalization ensures that the average signal
energy is not altered when passed through the
channel simulator. This complex, normalized
waveform is denoted as Ry ,;(f) in Fig. (2). These
Rayleigh waveform generators are used to
generate each of the R(¢) in Fig. (1) where k is
from O to N-1. The waveform R(?) in Eq. (2) is
obtained by taking only the envelope component
(i.e. R(O=Ry-;(¢)]) of the complex fading
waveform generated in Fig. (2).

R,(1)
Delay of the \ ()
2m path 1,

n(r)

S(t) —

Ry, (1)
Delay of the
N® path 7, ,

Fig. (1) Frequency-selective channel model

Generate N/2
Gaussian noise
samples

H(f)= [ Sp)

Generate N/2
Gaussian noise H(f)={S,(f) ——= IFFT
samples

Fig. (2) Generation of a Rayleigh fading waveform

The wavelet representation of a signal s(¢) is
given by [16]:

= J's(t)z’"’ 2y (2"t —n)dt (8a)

—00

s(t) = Z Zs 2" 2y (2"t - n) (8b)
where l//(t) is the wavelet function [17].

The resolution limited approximation of a
signal s(?) is given by

Ays(®) =Yg (o) ©)

m+1

where the function a, produces  the
approximation coefficients obtained by the
projection of s(¢) onto the basis functions:
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ar = [sog (o)t (10)

The approximation and wavelet coefficients
can be calculated at any scale by:

= Zh(l —2n)a""! (11a)
st = Z:g(l—2n)al’+l (11b)
1

where h(—n) and g(—n) are the low-pass and
high-pass filters in the associated 2 channel
analysis filter bank. Eq.s (10a) and (10b)
represent the fast wavelet transform (FWT)
needed to compute the discrete wavelet
transform (DWT) in Eq. (8) and Fig. (3) shows
the analysis filter bank corresponding to the
DWT.

Fig. (3) A two-channel analysis filter bank used to
compute the DWT

Conversely, it is possible to reconstruct the
approximation coefficients a,” using the
following equation:

al™ = h2l-n)a" + g2l —n)s;" (12
!

The reconstruction process is shown in Fig.
(4). This is the inverse FWT (IFWT) needed for
computing the inverse DWT (IDWT) in Eq. (8b).
In Fig. (4), h(n) and g(n) are the low-pass and
high-pass synthesis filters. The low-pass filter
(h(n)) satisfies the following orthogonality
condition:

> h(n)h(n - 2k) = 5(k) (13)

The highpass filter is obtained from the low-
pass filter by:

g(n) =(=1)"h(N —n) (14)
where (NV+1) is the filter length.

ol

{{

Fig. (4) A two-channel synthesis Filter bank to
compute the IDWT

_+__. a
&

Together, Eq.s (11a), (11b) and (12) form the
DWT and the IDWT. These discrete time
algorithms with filter bank implementations are
used in wavelet modulation.

The wavelet modulated signal to be
transmitted, s(¢), can be generated by:

s(t) =a " y(at) (15)
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where x[n] is the data that is modulated onto the
wavelet at different scales f=2°*"' where H
refers to the degree of the homogeneous signal.
A homogeneous signal y(¢) satisfies the self-
invariance property:

»(t)=a " y(at) (16)
where a>0 [1]. I take H=—1/2 so that f=1. Note
that s(f) is completely specified by x[n].
Contrarily, x[n] is referred to as the generating
sequence for the transmitted signal s(f).

In a practical system, x[n] is modulated onto
a finite number of contiguous, octave-width
frequency bands (i.e. m has finite limits and there
are a finite number of scales available).

Consequently, the transmitted signal s(¢) is given
by [17]:

s(t) = Zw: Zﬂ”"/zx[n]2’"/2(//(2”’t —n)(17)

n=—comeM
where M is a finite set of contiguous integers.

For the data to be recovered at rate 2", the
smallest baseband bandwidth that can be used is
2""'Hz. This results in a bandwidth efficiency of
n~=0.5bits/sec/Hz, which represents a
disadvantage of wavelet modulation when
compared to traditional modulation techniques
like differential quadrature phase shift keying
(QPSK) or 16-QAM with bandwidth efficiencies
of 7n/=2.0bits/sec/Hz and #~4.0bits/sec/Hz,
respectively.

However, wavelet modulation has an
advantage over traditional modulation techniques
in its novel multirate diversity. For instance, in
wavelet modulation, if some frequency bands are
corrupted, then the message can still reach the
receiver on one of the uncorrupted frequency
bands (i.e. scales). Hence, wavelet modulation
works well in fading environments where other
modulation techniques suffer poor performance.
In other words, only one copy of the message
needs to get through.

These simulations have been carried out for
two different sets of scales. Therefore, the scale
parameter m takes on two sets of values as
follows:

1. m € M where M={10, 11, 12, 13}; this
corresponds to a data rate of R,=1024bps for
binary data at the coarse scale (m=10) and
R,=8192bps at the fine scale (m=13). For
demodulation at the receiver, a baseband
bandwidth of 2""'Hz is required [I].
Consequently, demodulation at scale m=13
requires a bandwidth of 2'*"'=16 kHz.

2. m € M where M={14, 15, 16, 17}; this
corresponds to a data rate of R,=16.384kbps for
binary data at the coarse scale (m=14) and
R,=131Kkbps at the fine scale (m=17).

The data to be transmitted takes on one of
two equally probable values:

IJAPLett Vol. 1, No. 2, July-September 2008

snle (HE, ~E,} (18)

where E}, is the energy per bit.

By comparing Eq.s (8b) and (15) and
remembering that =1, I note that the wavelet
coefficients of s(f) correspond to the data x[n].
Thus, x[n] is used instead of s;" in Eq. (12) to
obtain the approximation of s(f) at scale m+1.
Note that to compute the transmitted signal s(z) 1
use the IFWT (Eq. 12) instead of Eq. (17), where
a,""" is the approximation of s(¢) at scale m+1.

The data to be transmitted (x[n]) is split into
blocks of length L=1024. To begin the generation
of 5(f), I begin at the coarse scale m=10; the data
is convolved with the filter coefficients of the
highpass filter, g(n). Eq. (12) is simplified to:

a) =Y g2l -n)x,’ (19)
!

where x,'°, the data to be transmitted at scale 10,
is given by the vector:

x'0=x=[x[0], x[1], . . x[1023]]

Twice the amount of data is required to
modulate the data onto the next higher scale. A
periodic replication of the data results in:

x'' =[x x] = [x[0], x[1], . . . x[1023], x[0],
x[17],...x[1023]]

Then a,'” (the approximation of s(7) at scale
12) is obtained by Eq. 12 as:

ay =Y h2l-n)a' +g(2l-n)x' (20
l

A view of the transmitted signal in the time-
frequency plane is shown in Fig. (5). At scale 11
there is twice the amount of data at scale 10. Eq.
(20) is repeated until the coefficients at scale 14,
a,", are obtained. These coefficients are iterated
through the filter bank again with x;"=0 until
approximation coefficients at scale 17 (a,'’) are
obtained. This results in a close approximation to
the signal s(f) with a sampling rate of 131072
samples/sec and this signal is then transmitted
over the channel to the receiver.

Fig. (6) presents a block diagram for the
implementation of the wavelet modulation
simulator. The IDWT (implemented using the
IFWT) performs the function of the transmitter
and the DWT (implemented using the FWT)
performs the function of the receiver. The
decision device estimates the transmitted bit
from the received data. If the received data is
greater than zero, then the transmitted bit is
+ \/f ; if not, then the transmitted bit is _ \/ET .

b

The data comparator/verification step compares
the received data with the transmitted data and
determines the error rate. An error occurs if the
received bit does not match the transmitted bit.
In practice, the output signal s(f) would be
multiplied by a carrier at some pass-band
frequency (w,) to obtain the band-pass signal.
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Fig. (5) Time-frequency portrait of the transmitted
signal s(f). [x] represents data blocks of length
L=1024 bits

x!o
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Xt
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Comparator
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X3

n(t)

Transmitter Reciever

Fig. (6) Block diagram of WM simulator with an
additive white Gaussian noise channel

The scaling constants @, and a; in Eq. (3)
were 0.707 and 0.707, respectively, to give a
main (carrier) ray to secondary (delayed) ray
power ratio of 0dB, i.e.

E{ag Ro(t)’} E {0, R (1)*}=1 (21a)
or

C/D=0dB (21b)
where C is the power in the main ray and D is the
power in the delayed ray). The channel
coefficients are normalized such that the average
signal energy at the input to the channel is the
same as the energy at the output. Recall that 7 in
Eq. (3) is 0.5T;, where 12<i<17 (T§; refers to the
bit period at scale i) and 7 and o, are related by
o,=. The r.m.s delay spread was varied from
1.9us (=0.5Ts;7) to 61us (=0.5T;;). Coherent
demodulation was performed at the receiver for
all transmitted scales.

For Gaussian distributed noise, the error
probability can be calculated using the Q
function defined by [18]:

I N 22
O(x) = \/ﬁj exp( . Jdr (22)

The function Q(x) represents cumulative
values of the Gaussian distribution.

The SNR of the channel at the receiver is
usually the factor that determines the ease with
which signal can e recovered. However, for a
digital signal, it is the energy per bit and how
much bandwidth is used, rather than the average
signal and noise powers, that are the critical
factors in determining how much of a problem
the noise might cause. Hence, the ratio of signal-
power-to-noise-power is better described by the
ratio of signal energy per bit to thermal noise
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power per Hz (E,/Ny) where E,=S/K is the ratio
of the signal power S to the data rate K (not the
signal element rate), N,=N/B is the noise power
per Hz, where N is the total noise power and B is
the bandwidth of the channel. Hence, E/N, is a
measure of the worth of a channel used for
digital signals, just as SNR is a measure of the
worth of a channel used for analog signals.

For unipolar signaling, the bit error rate
(BER) and E,/N, are related by [18]:

BER = Q( /af/i} (23)

where a is a constant determined by the line
coding scheme.

3. Results and Discussion

The inter-symbol interference (ISI) adversely
impacts scales 16 and 17, but affects scale 14 to
a comparatively lesser degree. Scales 14 and 15
show better performance than BPSK. This
unique characteristic of wavelet modulation can
be exploited to obtain better BER performance in
mobile environments. For instance, if the worst
case delay spread (o0,.,) of a particular
environment were known, then the demodulation
would be performed at the scales where the
channel is flattest (i.e. scales where T5>100,,,4,).

Now consider four different scales; scales 10
through 13 are transmitted over the frequency-
selective channel. The r.m.s delay spread is
depicts the BER performance. Scales 10 and 11
show error floors lower than 107, Scales 12 and
13 display poorer BER performance since the ISI
is larger at those scales.

- scale 12
#— acale 12
A scale 11
O acale 1]

20 L] a8 49 as L
BNy in 8

Fig. (7) Bit Error Rate (BER) vs. Ex/N, in a frequency
selective, slow fading channel with f;=60Hz and
UF15.3[15=0.125T313 (1=30.5p5=0.25Ts13)

Further simulations were performed for larger
rm.s delay spreads. Fig. (8) shows the BER
performance for all scales when the r.m.s delay
spread is 0.25T;, (z=0.5Ts;5). In Fig. (8), scales
11, 12 and 13 perform poorly while scale 10
shows a  slightly  better performance.
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Furthermore, scale 13 has a lower error floor
than scale 12.

“f

o] == eale 13

o L L
] 10 14 EH 0 45 L=

20 28 30
£ty indB

Fig. (8) Bit Error Rate (BER) vs. Ex/N, in a frequency
selective, slow fading channel with f;=60Hz and
0~=61us =0.25Tsq, (1=0.5Ts12)

When comparing both figures to each other, a
gradual degradation of performance is seen for
scale 10 demodulation as the delay 7 is increased;
scale 10 shows the best performance in Fig. (7)
(i.e. for 6,=0.125Ts;;) and the worst performance
in Fig. (8) (i.e. for 6,=0.25T;,). This is due to the
increase in ISI for scale 10 data as the delay
between the paths is gradually increased. At
0~0.25T;, (Fig. (8)), the second ray is delayed
by half a symbol at scale 12 resulting in the
distortion of the received signal at that scale and
at scale 10 (due to ISI) from which the receiver
cannot recover.

Furthermore, assuming a minimum BER of
1072, it is observed that the number of scales that
can be used for demodulation decreases as the
value of t is increased. In particular, for
=0.25Tg;; (Fig. (7)), scales 10 and 11 can be
used for demodulation. Hence, an intelligent
selection of demodulation scales at the receiver
can result in superior BER performance.

4. Conclusions

When the delay spread of a particular
environment is known, the demodulation would
be performed at the scales where the channel is
flattest. It was observed that the number of scales
that can be used for demodulation decreases as
the value of the mean excess delay is increased.
Since the results for the 120Hz channel do not
vary appreciably from that which was observed
for the 60Hz channel, it can be concluded that
the limit on the BER is due to the ISI in a
frequency-selective channel.
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ceramics adding three different proportions of CaO-B,0; glass were
investigated. Their crystalline phases, densification parameters, dielectric
properties were introduced. The densities of all samples firstly increased
and then decreased. The crystalline phase of samples was cordierite. The
materials had a low dielectric constant and a low dielectric loss [&~5, tan §

~ (2-3) x10°, at about 10GHz]. The best properties were obtained for the
sample with 15 wt% CaO—-B,0; glass added and sintered at 1020°C.
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1. Introduction

The demand for low-dielectric-constant, low-
temperature cofired ceramics (LTCC) packaging
is increasing with the development of high-
frequency communication and electronic surface
mount technology. However, high temperature is
needed for sintering of most of the microwave
dielectric ceramics [1-2]. Many low-melting
temperature glasses are added to ceramics to
reduce the sintering temperature in order to solve
this problem [3-5].

As cordierite ceramic has a low dielectric
constant (e~5-6), high resistivity, good thermal
and chemical stability, and a low thermal
expansion coefficient, it is an alternative material
to be used as a substrate substituting for alumina
[6-8]. However, cordierite ceramics have a very
narrow sintering temperature range and are not
easily sintered below 1000°C without any
sintering aids; its sintering temperature is about
1500°C. Some sintering aids can improve the
sintering ability of cordierite ceramics, but also
damage its properties, such as thermal expansion
and dielectric constant [9-10].

In this work, the waste materials generated
from the process of producing porous cordierite
ceramics are chosen as the raw materials for
reducing the cost. The purpose of this work is to
introduce the densification and dielectric
properties of cordierite ceramics with different
glass contents under different sintering
conditions.

2. Experimental Methods

CB glass with the composition of CaO
45mol%, B,0; 55mol%, using CaCO; and
H;BO; as the raw materials, was prepared by
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melting in a platinum crucible at 1100°C for 1 h,
and the glass was quenched in water into
fragments, which were then pulverized and
screened to become the CB glass powders. The
composition of the waste of porous cordierite
ceramics is shown in Table (1). Three different
ratios of glass and cordierite ceramics were
mixed; the compositions of samples are listed in
Table (2). The mixtures were ball milled for 3 h,
then dried at 120°C and granulated with
poly(vinyl alcohol) (PVA). The green powders
were shaped by uniaxial pressing at 1000kg/cm”.
These samples were sintered at different
temperatures, different  binder = burning
temperatures (400, 450, 500, and 550°C, with a
heating rate of 3°C/min) and different heating
rates (1, 3, 5, and 8°C/min, with a binder burning
temperature of 500°C).

Table (1) Composition of the cordierite ceramics
waste (wt%)

Composition

MgO A1203 SlOz Fe203

Content | 13.63 | 34.90 | 49.42 0.11

Table (2) Composition of the cordierite ceramics
with different amounts of CB glass (wt%)

Cordierite ceramics  CB glass
CByo 90 10
CBys 85 15
CBy 80 20

Differential thermal analysis (DTA) was
carried out in an alumina crucible using Al,O; as
the reference material in the
NETZSCHSTA429C analyzer, with a heating
rate of 10°C/min. Archimedes’ method was used
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to measure the apparent densities. The crystalline
phases of samples were identified using a Rigaku
RAX-10 diffractometer with a conventional Cu
K-radiation system. The microwave dielectric
properties of sintered samples were measured in
the frequency range of 9-11 GHz using a
network analyzer (Agilent HP§363A).

3. Results and Discussion

Fig. 1(a) shows the thermal properties of CB
glass. The glass transition temperature (7),
crystallization temperature (7,), and melting
temperature (7,,) of CB glass were 640, 795, and
970°C, respectively. As the T,, T, and T, of
glass were low, it produced a liquid phase in the
densification process to reduce the sintering
temperature of samples, which was suitable for
LTCC application. From the DTA curve of the
cordierite ceramic with different amounts of
glass, as shown in Fig. 1(b), no obvious peaks
could be observed. This shows that the reaction
of cordierite ceramic with CB glass did not occur
during the sintering process, with the results
observed by Jean and Gupta [11].

(a)
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\
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Fig. (1) DTA curves of (a) CB glass and (b)
cordierite ceramic with different amounts of glass

Fig. (2) shows s of different compositions of
samples sintered at different temperatures for 2h.
With increasing sintering temperature, the
densities of the samples having the same
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composition firstly increased and then decreased.
CB glass and cordierite ceramics did not react in
the sintering process. Therefore, the reason for
the variety may be caused by the porosity
variation of the samples.

The optimal sintering temperature of samples
decreased gradually as the CB glass content
increased. The maximal densities of CBI10,
CBI15, and CB20 were 2.46, 2.42, and 2.33g/cm3,
at 1060, 1000, and 940°C, respectively. It was
considered that CB glass produced a liquid phase
in the densification process of the samples and
greatly reduced the sintering temperature.

2.56
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Fig. (2) Apparent densities of the samples as a
function of sintering temperature for 2h

The same trend was exhibited in the patterns
of dielectric loss; the dielectric loss of all
samples firstly decreased and then increased. The
minimal dielectric losses of CB10, CB15, and
CB20 were 2.34x107, 2.79x107, and 3.17x107,
obtained at 1060, 1020, and 940°C, respectively.
Among all samples, CB15 had better properties,
considering both sintering properties and
dielectric properties. Thus, CB15 sintered at
1020°C was chosen to investigate the effect of
heating rate and binder burning temperature on
the properties of materials.

The density, linear shrinkage rate and
dielectric properties of CB15 sintered at 1020°C
with different heating rate are shown in Table
(3). Table (4) shows the properties of the CB15
sample sintered at 1020°C with different binder
burning temperatures. It can be obviously
observed that the CBI15 sample (the binder
burning temperature is 500°C, with a heating rate
of 3°C/min) had the optimal properties (e~5.14,
tan 6~2.23x10° at 10.328GHz), as a low
dielectric constant is required to obtain a higher
selfresonance frequency for the materials used
for the MLCIs [12].
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Table (3) Properties of sample CB;5 sintered at 1020°C with different heating rates

Heating Rate | Linear Shrinkage | Density | Dielectric | Dielectric Loss | Measuring Frequency
(°C/min) Rate (%) (g/em’) | Constant (x107) (GHz)
1 17.55 2.44 5.15 2.67 10.446
3 17.35 243 5.14 2.23 10.328
5 17.85 2.42 5.13 2.79 9.801
8 17.45 243 5.15 2.95 9.933

Table (4) Properties of sample CB;; sintered at 1020°C with different binder burning rates

e L1.near Density Dielectric Dielectric Loss Measuring
Temperature Shrinkage (g/cm’) nstant (x107) Frequency
(°C) Rate (%) ge cons (GHz)
400 17.55 242 5.10 2.92 9.542
450 17.60 242 5.11 2.82 9.796
500 17.35 2.43 5.14 2.23 10.328
550 17.65 242 5.11 2.55 9.724

4. Conclusions

From the results obtained in this work, we
conclude that CaO-B,0; glass did not react with
cordierite ceramic in the sintering process. The
glass produced a liquid phase in the densification
process and greatly reduced the sintering
temperature of samples. A higher amount of
Ca0O-B,0; glass added increased the dielectric
loss of samples. With increasing sintering
temperature, the densities and dielectric
constants of all samples firstly increased and
then decreased. The dielectric losses of CBI1O0,
CB15, and CB20 reached their lowest values at
sintering temperatures of 1060, 1020, and 940°C,
respectively. The CB15 sample sintered at
1020°C for 2h (at a binder burning temperature
of 500°C, and a heating rate of 3°C/min) had
better properties.
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photodetectors depend on laser energy and substrate temperature.
Maximum Responsivity was obtained for the photodetectors
prepared by laser fluence of 9.08J/cm’ at substrate temperature of
598K. The pulse response waveform of photodetectors illustrated
that the rise time is not dominated by RC. Non-linearity deviation
coefficient was

improved by factors 2.1 for As-doped Si

photodetectors when substrate temperature is raised from 300K to

598K.
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1. Introduction

Many researchers have worked on the
processing of semiconductors by pulsed laser-
induced diffusion (LID) [1-4]. The major
advantages of semiconductor junction devices
such as photodetector, solar cells and
optoelectronics using laser-induced diffusion
and annealing are: (i) short processing time,
(i1) ultra-shallow junction can be obtained, (iii)
do not need post-diffusion heat treatment, (iv)
offer excellent abruptness and junction depth
control, (v) due to the localization of laser spot
size on the semiconductor device, the
minority-carrier lifetime of the substrate is
reserved, (vi) high control of the sensitive area
on the photodiode by controlling the laser spot
size, (vii) capability to achieve high
concentration doping (10'7-10"cm™), (viii)
dopants activate above the solid solubility
limit [5-6].

Nd:YAG laser was widely used in silicon
processing as the photon energy of this laser
(1.17eV) is ideally matched to the energy
bandgap of silicon (1.12eV at 300K) [7-8].
Previous works showed that the peak
photoresponse of silicon photodiode fabricated
by laser-induced diffusion was around 900nm
[9]. Few studies have been reported on
photoresponse of Si photodiodes fabricated by
pulsed Nd:YAG laser-induced diffusion. These
studies do not cover the comprehensive

characterization of photodiode parameters at
peak wavelength (900nm) [10-11].

In this paper, we report the results on
arsenic-doped silicon photodiode at peak
response prepared by long Nd:YAG laser
pulses.

2. Experiment

The silicon substrates used in this work
were (111)-oriented monocrystalline of n-type
conductivity. The dimensions of the substarte
were 1x1x0.05cm’. The hole and electron
concentration around  8.3x10"cm”  and
1.4x10"%cm™,  respectively. The surface
preparation consisted of mechanical polishing
until mirror-like surface was obtained, then
dipped in dilute HF acid to remove native
oxide, and immediately loaded into thermal
evaporation system which is then evacuated to
pressure down to 10°mbar. High purity 50nm
arsenic  (99.99%) films were deposited on
silicon substrates. Following deposition
process, each sample was transferred to the
pulsed laser system. The samples were
irradiated under vacuum (10”mbar) using
300us pulse length from a 1064nm Nd:YAG
laser. The pulse shape was approximately
Gaussian in time (TEMyy). The pulse energy
used in these experiments was ranging from
160mJ to 405mJ. The substrates were heated
prior  laser  radiation with  different
temperatures (373-598)K using a halogen
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lamp. The temperature was monitored by K-
type thermocouple. The laser spot size was
adjusted using a lens of 20cm focal length to
be about 38.5x10*cm?. In order to increase the
irradiated area (photodetector area) to lcm?,
overlapping laser pulses with 35% overlapping
ratio.

Before making ohmic contacts, the samples
were rinsed in NaOH to remove residual atoms
of arsenic. Subsequently; ohmic contacts were
made on n-type sides using Au electrodes.
200ns pulses of 904nm GaAlAs laser were
employed to investigate the responsivity and
the response speed of photodiodes (R =50Q,
Vr=5-30V) fabricated at various conditions.
The pulse shape was recorded by 250MHz
Tektronix storage oscilloscope.

3. Results and Discussion

Fig. (1) shows the electrical sheet
conductivity of the processed region of silicon
substarte as a function of laser fluence for As-
doped n-Si samples. The main electrical
characteristics of these diodes were presented
in previous studies [12-14]. It is obvious that
the sheet conductivity increases with laser
fluence up to 9.17J/cm” for As-doped Si. This
is being to be the irradiation at optimum
conditions, i.e, irradiation at laser melting
threshold (LMT). At these conditions, the
electrical activation of the dopants was very
high. Further increasing of laser fluence
resulted in increasing of the defects density in
the processed region such as the vacancies
induced in lattice during solidification process
[15]. These defects in turn lead to decrease
sheet conductivity of the layer.

Tsheet
(Q.cm)’

14 r_\\,___/"
12

[} 8 g 10 1 12
Laser Fluence (J/icm?)

Fig. (1) Variation of sheet conductivity with laser
fluence

Fig. (2) demonstrates the responsivity in
the reverse biasing for p-n As-doped Si
photodetectors fabricated with different laser
fluences at 300K. Irradiation with low laser
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fluence results in poor junction and hence no
responsivity was observed.

14
f —11—8.5J/cm2

12 F —a—10.03Jcm2
f  —0—11.4J/cm2
10

Responsivity (V/W)
[<}]

0 EPETAA AU AT AT SN AT AT AT T AN AT ST AT A N AT A
0 4 8 12 16 20 24 28 32

Reverse Bias (V)

Fig. (2) The spectral responsivity as a function of
reverse bias voltage at 300K for As-doped Si
photodetector

The peak responsivity obtained at
10.03J/cm” laser fluence for As-doped n-Si
photodetectors, where these laser fluences
represent the melting threshold (irradiation
condition with minimum defects) [7]. The
responsivity is competitive to that of silicon p-
n junction photodiodes made by other
methods. Working at laser fluence higher than
LMT leads to decrease the responsivity and
this may be properly due to four reasons: (i)
decreasing of the junction depth due to
decreasing of the sheet conductivity [16], (ii)
structural defects such as cracks, ripple,
recombination and trapping centers, (iii)
vaporization of dopant materials, and (iv)
highly non-equilibrium process occurring
during fast solidification process [17].

The effect of substrate temperature on the
responsivity versus bias voltage is presented in
Fig. (3). Increasing substrate temperature to
598K causes an increase in responsivity by a
factor of 5 for As-doped Si detectors. This is
mainly due to the decreasing of solidification
rate of the processed region at high 7} [18-19].
On the other hand, the laser melting threshold
will be low at high 7, because of increasing
absorption coefficient o which in turns
decreasing the laser fluence needed for melting
and hence producing doped region with
minimum structural defects [20].

The rise time versus bias voltage plots for
photodetectors prepared at different conditions
at room temperature are presented in Fig. (4).
No significant variation in the rise time as the
reverse bias voltage varies was observed. This
behavior is similar to that of diffused-silicon
photodiodes and it is evident that the doping
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laser fluence plays major role to affect the rise
time of photodiodes. The best rise time of
600ns at 30V was obtained for As-doped Si
photodiode fabricated at 10.03J/cm?. It is clear
that the rise time is increased with the
increasing laser fluence. This is can be
attributed to the high density of defects created
in depletion region which can in turn leads to
large leakage current [14]. The rise time is
directly related to the concentration of active
As impurities, which strongly depend on the
laser fluence. Furthermore, the rise time of
photodiode is significantly decreased with
reverse bias voltage.

25
20 |

15 F

Responsivity (V/W)

Substrate Temperature (K)

Fig. (3) Voltage responsivity versus substrate
temperature for photodetector fabricated at LMT
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100 E 0 11.40/cm2
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8 12 16 20 24 28 32

Reverse Bias (V)

Fig. (4) Effect of biasing voltage on the rise time
characteristics for As-doped Si photodiodes

The effect of substrate temperature on the
rise time of p-n photodiodes is obvious in Fig.
(5). Rising T, resulted in decreasing of the rise
time of the photodiodes. These results are

IJAPLett Vol. 1, No. 2, July-September 2008

competitive and encouraging with respect to
phosphorus-diffused silicon junction and they
can be attributed to the role of substrate
heating in reducing the structural defect as
well as because the carriers diffusion length
will be high when rising 7.

500
400 f

300 |

Rise Time (ns)

200 |

100 |

o L
0 100 200 300 400 500 600 700

Substrate Temperature (K)

Fig. (5) The dependency of rise time on substrate
temperature

Significant improvement was observed in
the linearity of photodiode at 7,=598K. All
previous mentioned measurements  are
repeated after six months. No significant
degradation in the characteristics of the
fabricated photodiodes was observed. The
structural defects, such as cracks,
recombination and trapping centers, clusters,
segregation effects and point defects, are at
their minimum levels for photodiodes prepared
at substrate temperature of about 350°C.

4. Conclusion

High-response lem’ area silicon
photodiodes at 904nm can be made with aid of
laser-induced diffusion (LID) technique. Such
photodiodes has an advantage in their
production  without using antireflection
coating, which reduces their production cost
and architecture. The substrate heating plays
an essential role in improving the photo-
response and response speed of
photodetectors.  The  structural  defects
accompanying pulsed-laser treatment affect
both the pulse shape waveform and the
response speed. The effect of rapid thermal
annealing on the photodetector characteristics
after laser-induced diffusion is underway.

References
1. Y. Miyata, M. Furuta and T. Kawamura, J.
Appl. Phys., 73, 327 (1993).

© 2008 Iraqi Society for Alternative and Renewable Energy Sources and Techniques (I.S.A.R.E.S.T.) 25



Iraqi Journal of Applied Physics Letters

10.

P. M. Smith, P. G. Carey, and T. W.
Sigmon, Appl. Phys. Lett., 70, 342 (1997).
Y. Takamura, S. Jang, P. B. Griffin and J.
D. Plummer, Mater. Symp. Proc., 669
(2001).

S. Baek, T. Jang, H. Hawang, Appl. Phys.
Lett., 80, 2272 (2002).

H. Tsukamoto, H. Yamamoto, T. Noguchi,
Jpn. J. Appl. Phys., 35,3810 (1996).

V. Privitera, C. Spinella, G. Fortunato, L.
Mariucci, Appl. Phys. Lett., 77, 552
(2000).

R. A. Ismail and W. K. Hamoudi, J. Eng.
Technol. (Published in Iraq), 19, 119
(2000).

W. K. Hamoudi, and R. O. Dala, J. Mater.
Sci., 45, 1 (2000).

A.AK. Hadi, M.Sc Thesis, University of
Technology, Baghdad, Iraq, 1999, p. 110.
Y. Matsuoka, and A. Usama, J. Phys. D:
Appl. Phys., 7, 1259 (1974).

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

E. Fograssy, R. Stucky, and M.
Toulemonde, J. Appl. Phys., 54, 5059
(1983).

R.A. Ismail and A.A. Hadi, Turkish J. of
Phys., 27,1 (2003).

R.A. Ismail et al., Euro. J. Phys. Appl.
Phys. (EPJAP), 38 (2007) 197-201.
R.A. Ismail, Int. J.  Modern
(IJMPB), 19(31) (2005) 4619-4628.
G. Minnino, V. Privitera, A. Magna, 4Appl.
Phys. Lett., 86, S1909 (2004).

S. Earles, M. Laww, R. Brindows, K.
Jones, S. Talwar, S. Corcoran, [EEE
Trans. Electron. Devices, 49, 1118 (2002).
V. M. Artyunyan, A. P. Akhoyan, Z. N.
Adamyan, R. S. Barsegyam, Technical
Physics, 46, 198 (2001).

J. Narayan, J. Cryst. Growth, 59, 583
(1982).

H. Kuriyama, Jpn. J. Appl. Phys., 30
(12B), 3700 (1991).

R. A. Ismail, J. Eng. Technol. (Published
in Iraq), 19, 148 (2000).

Phys.

26 ALL RIGHTS RESERVED

PRINTED IN IRAQ



IJAPLett Vol. 1, No. 2, July-September 2008

Electrical Properties of

Mothana I. Ali
Saad M. Jasim
Qasim A. Sabbar

Cu,0 Films Prepared by

Electro-Deposition Method

In this work, the electrical properties of electrodeposited Cu,0 in aqueous

Department of Physics,
College of Science,
Alqadisiyah University,
Dewanyah, IRAQ

solutions were investigated. The results explained good stability under
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1. Introduction

Cuprous oxide as a material for the
conversion of solar energy into electrical or
chemical energy has received relatively little
attention. Several papers have considered the use
of the material in a solid-state photovoltaic cell,
such as Schottky barrier device obtained by
applying metal contacts to the Cu,O. The oxide
is very easily reduced and in all cases, a copper
rich phase formed near the Cu,O/metal interface
[1-3].

Another option would be to use the material
in a photoelectrochemical (PEC) cell. A problem
might be the limited stability of Cu,O in aqueous
solutions. Cu,O is stable only in a limited pH
range [4]. The redox potentials for the reduction
and oxidation of the monovalent copper oxide lie
well within the band-gap, making possible the
decomposition reactions by photogenerated
electrons or holes thermodynamically [5].
Furthermore, single crystalline Cu,O is being
reduced to copper under photocathodic
conditions [6]. However, a paper was published
[7] indicating that illuminated Cu,O particles
could show good stability while acting as a
catalyst for water splitting. Hydrogen and
oxygen were evolved in a rapidly stirred,
illuminated suspension of millimeter-sized
particles, without a noticeable decrease in
activity for a period over 1900 hours.

A second paper was published later in which
the water splitting was found to continue for
many hours after the light was turned off. The
authors tried to explain their results by proposing
that the mechanical energy supplied by the
stirring was converted into chemical energy, with
the oxide acting as a catalyst [§].

In this paper, we study the electrical and
chemical properties of Cu,O deposited in
aqueous solutions. The photocathodic reduction
reactions of oxygen and the 1,1-dimethyl-4,4-

bipyridinium cation (methylviologen, MV21)
will be described. We will consider the
decomposition reactions of Cu,O in aqueous
environment and its potential for direct
photochemical water splitting or use in a PEC
solar cell.

2. Experiment

Cu,O was deposited on transparent, fluorine-
doped SnO substrates by reduction of Cu** from
a saturated Cu(Il) lactate solution. Layers with a
thickness up to ~10um could be grown with a
deposition efficiency of about 0.9. This
deposition efficiency was determined by
measuring the charge for deposition and
subsequent anodic dissolution. The layer
thickness was determined from the interference
patterns in the absorption spectra. The Cu,O used
in the present work was grown at pH 11 and
558°C, with a current density of 0.2mA/cm’®. A
band-gap of 2.0eV was estimated from the
optical absorption, in good agreement with
literature values. Due to CuO, we did not observe
absorption at wavelengths longer than 600nm.
The electrical and chemical properties of the
Cu,O layers did not change for months despite
they were kept in air.

The measurements were performed in a three
electrode setup, using a potentiostat, a large arca
platinum counter electrode and a saturated
calomel reference electrode (SCE). The aqueous
electrolyte solutions contained 0.5M Na,SO, or
40mM MVCL, in 0.5M Na,SO,, and were
bubbled with either air or argon.

3. Results and Discussion

Fig. (1) shows the I-V characteristics of a
0.5um thick Cu,O electrode in 0.5M Na,SO,
solution in the dark. At potentials above 0.0V an
anodic current was observed, corresponding to
the oxidation of the Cu,O (all redox potentials
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mentioned in this paper are vs. SCE, refer to pH
7 and were taken from [10]):

Cu,0+20H +2h* —>2Cu0+H,0 E=-0.05V (1)

0.6 4
- 04 4
£
3
g 024
= 25 mV/s
i —
! _"/-\/—}
4.2 - | I T
0.6 0.4 {12 0.0 (.2

V(V vs SCE)

Fig. (1) I-V characteristics of a 500nm thick Cu.O
layer in 0.5M Na,SO, aqueous solution

In a Na,SO,4 aqueous solution the CuO slowly
dissolves. The CuO can be partly reduced by
scanning back to negative potentials. In the
presence of oxygen, a small steady-state cathodic
current was observed. When the argon was
sluiced through solution, this dark current could
be reduced to less than 1pA/cm?®. At potentials
more negative than -0.6V vs. SCE a fast
increasing cathodic current was found due to the
reduction of the oxide to copper.

Under illumination, a large cathodic
photocurrent was observed with an air-saturated
solution under strong convection. When the
argon was carefully sluiced through solution, the
cathodic photocurrent was very low (~1pA/cm?).
It is clear that the photocurrent observed in air-
saturated solution is due to oxygen reduction:

0, +2H,0+2¢” — H,0,+20H"  E=+0.03v (2)

The hydrogen peroxide is very likely reduced
further to water [11]. The reduction of oxygen to
hydrogen peroxide has been studied for instance
at illuminated p-GaAs, GaP and n-type and p-
type InP [12-14]. It is a multistep reaction
involving a HO,. intermediate. Current doubling
was observed at low light intensities, as the HO,.
intermediate could inject a hole into valence
band.

Fig. (2) shows the I-V characteristics for a
0.5um thick Cu,O electrode under chopped
illumination at 350nm. The photocurrent (I;)
starts at a potential between 0.0 and 0.1V and
increases continuously with decreasing potential.
Obviously, the photocathodic reduction of
oxygen on Cu,O is extremely efficient. The
photocurrent was constant over long periods,
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even when photon flux exceeded the oxygen flux
to electrode surface.
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Fig. (2) I-V characteristics for a 500nm thick Cu,O
layer under chopped 350nm illumination in 0.5M
Na,SO, solution bubbled with air

Fig. (3) shows the I-V characteristics for a
0.5um thick Cu,O electrode in a 0.5M Na,SO,
aqueous solution bubbled with air in the presence
of MV?". The photocurrent quantum efficiency at
-0.4V vs. SCE was 0.2. The photocurrent
decreased continuously with time. The current
decayed to 50% of its initial value after the
passage of about 12mC/cm”. The photocathodic
current has partly recovered after a period in the
dark.

UIUU T Tl
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Fig. (3) I-V characteristics for a 500nm thick Cu,O
layer in the dark and under 350nm illumination.
Electrolyte is 10mM MV* in 0.5M Na,SO, solution
bubbled with air

4. Conclusions

The properties of deposited Cu,O were
investigated. In the dark the oxide dissolves at
potentials above 0.0V. A small cathodic dark
current can be found due to the reduction of
oxygen. In contrast to single crystalline Cu,0O,
these deposited layers were stable under
illumination. High efficiencies were found for
the photocathodic reduction of oxygen and the
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methylviologen cation. The diffusion length of
minority charge carriers (electrons in the
conduction band) is in the range of 10-100nm.
No evidence was found for the reduction of
water. Based on our results, it seems unlikely
that water can be split photochemically at Cu,O.
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