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Junction Characteristics of

Raid A.W. Ismail **
Jenan T. Jabar?
Omar A.S. Abdulrazaq 2

Wide-Emitter
(p)CdS-(n)Si-(p)Si

Heterojunction Transistor

! School of Applied Sciences,
University of Technology,
Baghdad, IRAQ

* raidismail@yahoo.com

2 NASSR State Company,
Ministry of Industry and
Minerals, Baghdad, IRAQ

Fabrication and characterization of feasible heterojunction bipolar
transistor (HBT) made by depositing of p-type CdS film on monocrystalline
silicon homojunction were demonstrated. The ideality factors (n) of emitter-
base and base-collector abrupt junctions were 1.6 and 1.8 respectively. The
transistor exhibited current gain B, as high as 360.
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1. Introduction

Possibility of using wide-bandgap emitter
injection efficiency of a transistor was first proposed
by Schockley [1] and later analyzed by Kroemer [2]
in 1957. Even though this idea promised large
advantages over the existing transistors, very little
attention was paid towards the realization of such a
transistor due to rapid advances in the technology of
homo-transistor [3, 4]. With the advancement in the
“state of art” of heterojunction fabrication [5-7], the
interest in the heterojunction bipolar transistors
(HBTs) has been lately revived [8-11]. The recent
trend in high-speed silicon technologies has
produced remarkable advances in silicon-based
HBT. The physical structure of such a transistor is
composed of a hetero-layer (emitter) grows on a p-n
Si diode. The grown layer can be formed by several
techniques. Among the various techniques, spray
pyrolysis was used successfully in producing
heterojunction [12,13]. In this paper, a newly found
junction characteristics of the (p)CdS-(n)Si-(p)Si
HBT are presented where p-CdS was grown by

spray pyrolysis.

2. Experiment

Boron-doped single crystal p-Si wafer with sheet
resistivity of about 35.6 Q/sq. and orientation of
(100) has been thermally diffused by phosphorus
using thermal diffusion system. The diffused layer
was heavily doped (2.1x10"*¢cm™) and the junction
was made to be 0.5um. Wide-emitter p-CdS:Ag
layer with thickness of 1um and area of 0.7mm’ has
been deposited onto n-Si side by pyrolytic spraying
of an aqueous solution of 0.2M CdCl,, 0.18M
thiourea and 0.006M AgNO; with a deposition rate
of about 2nm/s. The preparation substrate
temperature was 350°C. Figure 1 depicts a
photograph of spray pyrolysis apparatus used in this
study. Indium, gold and aluminium electrodes were

deposited by thermal evaporation through special
masks on CdS:Ag, n-Si and p-Si respectively. Figure
(2) displays energy band diagram of fabricated HBT.
Hall measurements were done to estimate the
conductivity type of CdS:Ag layer deposited on
glass substrate. C-V measurement of HBT at 1MHz
was carried out using LCZ system.

Fig. (1): Spray pyrolysis stlam used to grow
CdS:Ag layer

3. Results and Discussion

Pure CdS is normally an n-type semiconductor.
This type of conductivity is essentially due to the
non-stoichiometry arisen from the excess Cd in the
CdS lattice (enriched-Cd). So that it is previously
used as a heterojunction transistor type n-p-n with n-
pSi diode [14] and/or window layer for UV-
enhancement in double junctions with p-nSi
photodiodes [15]. Producing p-type CdS can be
obtained by silver doping of CdS. In this doping,
Cd™? will be replaced by Ag" in the lattice of CdS
microcrystallites. This replacement will result in less
sulfur deficiency because the anion (S?) has a
valence number greater than the cation (Ag’) and
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enriched-S CdS will be produced. This type of
defects leads to abundant of holes and p-type CdS
will be formed. Hall measurement of Ag-doped CdS
shown in Figure 3. This figure shows a p-type
behavior, so that it will form a heterojunction
transistor type p-n-p with p-nSi.

b
¢
B I
\ B
2l 0058

o
NSO VRSSO s sorsesars s Voo L8
By -

§ ——
3068 —
ol

Fig. (2): An equilibrium band diagram of (p)CdS-
(n)Si-(p)Si HBT
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Fig. (3): The relationship between Hall voltage and
passing current for p-CdS film

The two junctions of the triode have been
characterized separately using I-V measurements.
Figure 4a demonstrates Ig-Vgg characteristics
(floating collector) where Vgg and Ig respectively
represent the applied voltage across emitter-base
junction and the flow current due to this voltage.
The forward current of this junction is distinguished
by two regions, the first (less than 0.3V bias voltage)
region represents recombination mechanism while
the second (greater than 0.3V bias voltage) indicates
tunneling mechanism. The transport mechanism then
shows good conformity with the tunneling-
recombination model. This result is in full
agreement with those of p-CdS/n-Si heterodiode
[16]. Figure 4b illustrates the Ic-Vpc characteristics

(floating emitter) where Vpc and Ic respectively
represent the applied voltage across base-collector
junction and the flowing current due to this voltage.
The Ic-Vpce curve of this junction shows a behavior
in coincidence with that of Shockley model (/=1
exp(qV/nkT)). High leakage current reflects the
heavily doped layer. From the two plots of Figure 4,
the ideality factor (n) of emitter-base and base-
collector junctions were as low as 1.6 and 1.8,
respectively, indicating high quality of both
junctions. Figure 5 presents Cgp-Vgg and Cpc-Vpc
curves where the subscripts refer to the emitter-base
and base-collector, respectively. It is shown from the
figure that the emitter-base junction capacitance is
smaller than that of base-collector. This can be
elucidated by the low carrier concentration of the
wide-emitter. On the other hand, these two junctions
are abrupt types.
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Fig. (4): I-V characteristics for (a): (p)CdS-(n)Si
junction and (b): (n)Si-(p)Si junction

The dc beta (B,.) of the common-emitter HBT
has been directly measured and gave a value of 360,
this high value has been obtained using material for
which there is a large lattice mismatch of roughly
8% and indicates that interfacial recombination is
much less than has been generally anticipated, this is



mainly due to forming the gate layer (the base) with
its high electron density in defect-free single-crystal
material. The experimental HBT constructed in the
present work is not optimized in any way, but serves
merely to demonstrate the feasibility of transistor
action. Considerable further research remains to be
done to optimize the transistor performance and to
ascertain the best design parameters.
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Fig. (5): C-V characteristics of the (p)CdS-(n)Si-(p)Si
HBT junctions

4. Conclusions
A high dc performance heterojunction bipolar
transistor has been realized by the low-cost spray

R.AW. Ismail, J.T. Jabar and O.A.S. Abdulrazaq

pyrolysis technique. This technique allows good
price/quality ratio. The relatively high value of dc
beta (360) demonstrates clearly that the HBT type
(p)CdS-(n)Si-(p)Si is a practical proposition.
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A new relation has been derived to calculate the cumulative line energy
(CLE) by using the pupil function technique for an optical system of a
circular aperture. The relation was solved by numerical integration namely
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error values. The cumulative line energy of an optical system suffering

secondary spherical aberration in its optimal condition was calculated.
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1. Introduction

The importance of line spread function does not
differ from the point spread function where both of
them serve the same purpose, which is the high
quality of the optical system. Yet, the line object is
an infinity of illuminating points, hence the intensity
given by this object in its shape is better than that of
the point object. It was found that a considerable
amount of aberration can influence the image shape
produced by a point object, which makes it difficult
to determine the efficiency of the optical system due
to the difficulty of defining the central intensity. A
condition of this type can be avoided by using a line
source.

Barakat and Houston [1] calculated the line
spread function by using an incoherent line source
operating with a circular aperture in a rotationally
symmetrical aberration. They [2] also studied the
effect of the asymmetric aberrations on the line
object image having third order coma aberration of
different azimuth angels. Tschunko [3] used annular
aperture of different central obscuration rates to
calculate the line spread function of optical system
free from aberration. He also used rectangular
aperture of different widths and lengths and of
different central obscuration ratios as well.

Kirillovskii and Krynin [4] studied the image
quality using TV modified method to specify the
line spread function.

2. Cumulative Line Energy (CLE)

To know whether the designed optical system
has a high degree of efficiency, the specifications of
the produced image were accurately examined. The
most important output of the optical systems is the
calculation of energy on the image plane.

The energy formed on the image produced from
using a line source is known as cumulative line
energy (CLE). This function is more important than

the intensity scale in the image of the line object
since it depends on the value of energy curve
descent which does not lose its characteristics no
matter how much the value of aberration increases.
Friedman [5] was able to calculate the CLE of a
coherent source. More recently, Abdulrazak [6] used
a slot of changeable width to study diffraction at the
best image plane and other focal planes as well.

The cumulative line energy (CLE) is calculated
depending on the pupil function by performing
integration on the line spread function L(z’) within
the required limits from -z, to z, as shown in Fig.

().
4 Ltz
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Fig. (1): Cumulative line energy (CLE) calculated
from LSF

The distribution of intensity in the image of the
incoherently illuminated line object is given by the
following equation [7]:

- Lo i i (1
LSF = Ifff(x,y) f*(x,,y)-e"" e " Ndxdx dy

Vi

where z’ is the image dimensionless coordinate,
fx,y) , f¥(xl,y) are the exit pupil function and its
complex conjugate, respectively, and x, x;, y are the
coordinates of both exit pupil function and its
complex conjugate.
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The exit pupil function is defined according to
the circular aperture the center of which applies on

The cumulative line energy Li(z,) is defined by
the following relation:

the optical axis as follows: . z
4yt =l and X+t =1 ) Li(z,) = IL(Z')dz' 3)
Substituting equation (1) in equation (3), we obtain:
20
Li(zy) = [ [ [ £, 0)- £ * (xp, p)deddy - [ ez ()

yxx

Solving the last integration of equation (4), we get
sin[ z,(x — x,)]

Li(z) = N[ [[ £ Co ) £ (3. 0)-

yox X

To find the normalizing factor (N), the
cumulative line energy Li(z,) equals one when z,
approaches infinity. For simplicity, we consider the
optimal condition that is aberration function
W(x.y)=0 when f{x,y) = f*(x.y) = 1

That is:
Li(z,) = NIII sinf 2, (¥ = %)] dxdx dy (©)

(x—x,)

yxx
Taking the limit of integration of the equation (6)
when z, approaches infinity, we obtain:

N[l ey O

A requirement of Dirac delta function [8] is:
O(x—x,)= limw (®)
2% (X —X))
Substituting equation (8) by equation (7) with
reference to equation (2), it becomes possible to
make integration in the following formula:

Li(z,) = j [JrG» .y

Va (x
As

flxp) = and

Li(zy) = j jﬁ

where W(x,y) is the aberration function, k=2n/A is
the wave number and A is the wavelength.

Liz)=— ”FJF

The equation (14) represents the cumulative line
energy of an optical system operating with circular
aperture. It can be used for other apertures in the
optical system by changing the limit of integration
and the normalizing factor ().

sinfz,(x—x,)]

cos[k{W (x,y) =W (x,,»)}]-

dxdx dy (6))

(x—x

1
i
=r. — 9
l=r N:';L/?J‘_Wﬂx x,) dxdx,dy (9)
There is one solution for the Dirac delta function
and that is when x=x; so

O(x —x,)dx =1 (10)
The equation (9), therefore, becomes
Lot
1:7Z~Nj Idxdy (11)

-1 iy

By simplifying equation (11), we get the value of
the normalizing factor () as follows:
N = Lz For the circular aperture
T
After the substitution of the normalizing factor
value (N), equation (5) can be written as follows:

dxdxdy (12)

[ (x,y)=e ™ Hence

K (x,) W (31, )] M dxdx.dy (13)
(x—x,)

As the cumulative line energy (CLE) is a real
value, so the imaginary limit is equal to zero.
Accordingly, equation (13) becomes

sin z, (x — x;)

dxdx,dy (14)
(x—x,

3. Results and Discussion

The equation (14) cannot be solved through
ordinary integration methods. The solution,
therefore, requires using one of the special
numerical integration methods. Gauss method was
used since it provides high accuracy in the
calculation of integration.



A program was designed using Quick Basic
language to solve equation (14) by means of which
the cumulative line energy (CLE) was calculated
with a focus error of (#5) and a spherical aberration
of (Ws). 20 points were selected on the x and y axes
to be sufficient for the purpose of obtaining accurate
results even with the existence of aberration. To
avoid having the value of zero in the denominator
according to equation (14), 24 points were selected
on the x; axis.

The program was performed and the results for
the CLE at several values of z, for an optimal system
were obtained with the existence of focus error as
shown in Fig. (2), which displays the distribution of
the CLE of an optimal system at different values of
focus error. Evident effect of focus error is clear on
the CLE, which causes a decrease in the descent of
curves as focus error increases.

Lifza) y

02+

061

0.4+

021

Fig. (2): Distribution of CLE for an optimal system at
different values of focal error using a circular
aperture

Axial intensity was calculated by graphing the
values of the CLE against the focus error for fixed
values of z, as in Fig. (3). In this figure, an increase
in the depth of focus was resulted from an increment
of z, due to the increase of the penetrating energy
from the slot.
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Fig. (3): Normalizing axial intensity of fixed z, values
using circular aperture

Q.K. Ahmed and M.S. Al-Ali

Marechal method [9] was used to obtain the best
image quality. An accurate compensation was done
for aberration indices of different order as shown in
Table (1). Solving equation (14) by the compensated
aberration values in Table (1), it was possible to get
numerical values for the CLE of an optical system of
a circular aperture in its optimal condition even with
the existence of the secondary spherical aberration
(Wsy) as shown in Fig. (4).

4. Conclusion

A new mathematical model has been derived and
solved by means of a numerical integration method
using quick basic to find the cumulative line energy
(CLE) of an optical system operating with circular
aperture with a focal error and spherical aberration.
This was carried out to find their effect on the
optical system. Accurate balance of aberration
coefficient at different values was conducted. It was
implemented on the mathematical model and we
found that the secondary spherical aberration (W)
has a clear effect on the CLE.

Table (1) Aberration indexes of different order

Wao Wio Wso
1.8 —-4.5 3
2.4 -6 4
3 -75 5
3.6 -9 6
Lifze] 1 L
k
054
05 1
074
0F ——i20=0 W00 W=D
05 —B—i20=18 WA0=-45 WEC=3
044 ——i20=22 WiM0=5 iE0=4
034 —n— 20224 0= IE0=4
024 — 2023 WE0=7 5 WiE0=
011 —o—i20=36 WiM0=0 WE0=E
I+
i 2 4 B 3 10 12 14

o

Fig. (4): Comparing CLE values of optical system
having secondary spherical aberration in an optimal
condition with an optical aberration free system
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The spectrometer-ozonometer was used for measurement of radiation at
nine wavelengths in the ultraviolet range to register the passed solar
radiation. The applicability limits of the Lambert’s law for the calculation
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of atmospheric ozone content by the multi-wavelength method were studied.
It was found that the deviations from this law which allow to use the
standard method only under solar zenith angles below 80° were due to the
light scattering processes. A model proposed in this work made it possible to
take into account the light scattering processes, which become important

under oblique beam propagation. The model was compared with the
calculations on the basis of the multi-wave method. The reflection
coefficients for several wavelengths were calculated using the four-flux

model.
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1. Introduction

It is well known that the stratospheric ozone
determines the income of the biologically active
ultraviolet solar radiation to the Earth’s surface. It is
a key eclement in the branched chain of
photochemical reactions determining balance of
many atmospheric gas constituents [1-2]. Having
strong absorption bands in the ultraviolet (UV),
infrared (IR), and visible ranges of the solar
radiation ozone determines the stratosphere
temperature regime. The main ozone mass is located
in the middle atmosphere at altitudes of 20—40km.
Precisely the middle atmosphere is a connecting link
between the troposphere and various manifestation
of space activity. Studies of the ozone behavior in
the atmosphere presents a considerable interest, in
particular from the point of view of the contribution
of the energy absorbed by ozone to the atmospheric
energy balance. Interacting with various forms of
radiant energy the ozone layer may also serve as a
model object in the analysis of the radiation
propagation through a scattering medium.

In particular, on the basis of ozonometer data one
can study the correctness of application of the
Lambert’s law which most of the ozone content
calculation methods from ground-based
spectrophotometric measurements are based on [3-
4]. This law considers rectilinear propagation of
radiation in the scope of the radiant approximation
and may be used with high reliability for small solar
zenith angles when the main air mass is below the
ozone layer and the light is mainly scattered in the
lower layers.

Rosenberg [5] showed that the conclusions based
on the Lambert’s law become incorrect when the
atmosphere is illuminated by a diffuse (rather than
direct) light flux having approximately uniform
angle distribution of the intensity. That is, the
scattering processes make impossible application of
the existing ozonometric methods just in the
twilight. However measurements of the ozone
content are of interest in this very period. It is known
that the wvariations of the radiation energetic
composition, which impact the ozone content in the
atmosphere, occur at sunrise and sunset [6-7]. It will
be shown below that the results of ozonometer
measurements in twilight are impacted on the first
turn by the diffuse component.

2. Experiment

The spectrophotometer-ozonometer constructed
on the basis of a double quartz monochromator has
been used to register the rectilinear solar radiation
intensity in the ultraviolet spectral range [8].
Cloudless days were chosen for the measurements
and the registration was carried out during the entire
illuminated period of the day with a Smin interval.
To determine the total atmospheric ozone content
the co-called multi-wave method was used. This
method is based on the Lambert’s law, which may
be written in the form

1(A) = 1,(A) exp(-ap(0)x — fm(6) - om'(6)) (1)
where /(1) is the solar radiation intensity on the
Earth’s surface; [y(4) is the intensity of the radiation

falling on the upper atmosphere boundary; a(4) is
the absorption coefficient of the ultraviolet radiation
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by ozone molecules; S(4) and &(4) are the scattering
coefficients of the radiation by the air and aerosol;
u(0), m(6) and m’(6) are the ozone, atmospheric,
and aerosol masses, respectively, providing
calculation of the oblique ray behavior in the
atmosphere, and x is the total ozone content.
According to Kuznetsov [4] the multi-wave method
is based on the linear equation system obtained from
Eq. (1).

The intensity logarithms at nine wavelengths of
the absorption spectrum in the Huggins bands were
compared. This comparison made it possible to
reveal the contribution of the absorption by the
ozone molecule lines. Concrete numerical values of
the Rayleigh’s scattering coefficient calculated for
each wavelength [9] were used. The aerosol term .m
the contribution of which was studied by Kuznetsov
[4] was described according to the assumption on
the linear spectral dependence of the aerosol
attenuation in a narrow wavelength range. Though a
narrow spectral interval is considered the function
o(A) varies rather sharply and that makes it possible
to evaluate the ozone content in the atmosphere
applying the least square method to the system of
equations
Lo =L +Aa,ix+ABm+ASm'  i=1,....,8(2)
where L;= In(l)/ly) are the reduced intensities on
the Earth’s surface, [), is the intensity at a
wavelength of 330.6nm which is chosen as a
reference one; and L;, are similar intensities outside
the atmosphere determined by the Buger-Langly
method which was used by many authors [10-11].

3. Theoretical Method

Currently there exist several methods to describe
propagation of scattered radiation in various media.
They are: the theory of radiative transfer [12], the
Kubelka and Munk [13] theory, and so on. The
approach developed by Suleymenov and Kuranov
[14] is the best to fit the goals of this paper as it
enables to describe multiple reflections in arbitrary
laminated media (this method is equally applicable
to analyze both coherent and incoherent radiation).

Suleymenov and Kuranov [14] showed that each
isoplanar layer of the medium may be considered as
an effective four-pole (Fig. 1). In particular the
atmosphere may be split into layers and for each of
them the following relation will be fulfilled

u :[an aﬂ) u' 3)

v ay ap \v*
where the radiation fluxes (', v') arriving at the
chosen layer from the right and from the left are
entrance fluxes and the radiation fluxes (u’, V)
leaving this layer from both sides are exit fluxes.
The diagonal and non-diagonal matrix elements are
the transmission coefficients under radiation

propagation forward and backwards and reflection
coefficients, respectively. It was also shown that a
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combination of two successive four-poles is

described by the matrix

AXle[ ayby, Ba, +blzj 4
1=a,b, \ Aby, +ay, aybs,

This matrix expresses the composite four-pole
parameters via parameters of the initial elements a
and b. This operation is as uncommutative as a usual
matrix multiplication
AXB#BxA )

0.04]

i Il 1 1 1 ]
=30 <20 -10 0 10 20 30
Solar zenith angles

0.00F
L L L L 1 1 1 L
-0 230 20 <10 0 10 20 30 40
Solar zenith angles
Fig. (1): Dependence of the standard deviations of
ozonometric measurements on the solar zenith angle

However if one of these matrices is diagonal then
the relation of commutativity is fulfilled.

Using the approximation of light propagation in
the above considered system consisting of effective
mirrors, the role of the light scattering processes in
the ozonometric measurements may be qualitatively
interpreted. In this case the atmospheric layers above
and below the ozone layer serve as effective
partially transmitting mirrors. In respect to the
ultraviolet radiation the atmosphere is an analog of a
three-mirror interference system in which multiple
reflections may occur. The succession of the mirrors
corresponds to the layer above the ozone maximum,
the ozone layer itself, and the atmosphere above it.
Since the ozone layer thickness is negligible as
compared with the thickness of the layers above and
below, only absorption of the solar ultraviolet
radiation occurs and scattering processes in the layer
itself may be neglected. In this case the matrix
describing the ozone layer is diagonal. The matrices
of the other layers are also diagonal if the scattering
is neglected. This means that if the light scattering
processes in the layer above the ozone maximum are
manifested only slightly, then its exact vertical
position in the atmosphere plays no role. In this case
the A and B matrices may have any order. This



situation corresponds to the applicability conditions
of the multi-wave method [15]. This condition are
broken if the scattering processes above the ozone
layer become significant (under large solar zenith
angles). In this case one should apply operation (2)
to the non-diagonal (and uncommuting) matrices
and also establish their particular form. To do that
the reflection coefficients of the atmospheric layers
above and below the ozone layer due to the Rayleigh
scattering should be found.

3. Results and Discussion

Standard  deviations <ALm,C-ALexp>2 were
calculated using series of the 5-minute data of the
spectrophotometric measurements obtained during
two days (Fig. 2). The values of AL, were
calculated on the basis of the Lambert’s law using
x, i, and m parameters determined by the standard
multi-wave method. Figure 1 shows that
approaching 6=75° the calculated intensities begin
to differ significantly from the experimental ones.

v % h"
—_ —
\“* ay f

s et )
{
":) %12
f g
. L Ne—no
v I u

Fig. (2): The light flux transformation by an effective
four-pole

The light scattering under large solar zenith
angles may be a main process, which can cause the
visible deviations from the Lambert’s law. It is
essential that expression (1) takes into account only
the forward light scattering. However the beam
pattern of the Rayleigh scattering is symmetric, that
is, if the scattering processes play an important role
then the backward scattering of the light should be
taken into account. Therefore one can suppose that
the step-like increase in the errors is due to the
backward scattering, that is, to the processes of
multiple reflections of the light in the atmosphere.

To calculate the reflection coefficient of an
individual layer one can use the four-flux model
described by Isimaru [16]. This mo del considers
transformation into each other of four different
fluxes: the collimated and diffuse downward fluxes,
and collimated and diffuse upward fluxes. Figure 3
illustrates the interaction of these fluxes. The left-
hand part of Fig. 3 shows schematically that the
radiation containing simultaneously both diffuse and
collimate components falls on the atmospheric layer
from the outside (line A). The figured grey and usual
black arrows show conventionally the direction of
collimate and diffuse components, respectively. In

W.M. Yokoshvilly, Yu.V. Believ, O.M. Kalimirov

the similar way the radiation containing both these
components may come also from the Earth’s surface
(line B). The light is scattered within the layer, the
collimate component being partially transferred into
the diffuse one which can propagate in both
directions. The right-hand part of Fig. 3 illustrates in
detail the interactions within the layer. Here a thin
layer is indicated and the transformation of the
downward and upward collimate fluxes into diffuse
ones is shown.

Rils

”
! *\_
Jm\

it

Fig. (3): The Isimaru four-flux model

Figure 3 shows that some part of the radiation in
both fluxes is scattered backwards (black dashed
arrows). The model described is convenient to use
when within the medium there are no pronounced
boundaries and absorption processes. In this case the
behavior of the diffuse component is governed by
the system of two differential equations

+ —ﬁ ﬁ +
diJ 2 2 [T AP (6)
dn\-J- g _Blu) 2\,
2

where S is the Rayleigh scattering coefficient
(multiplier 1/2 assumes that the scattered radiation
provides the same contribution to oppositely
directed fluxes), J* and J are the intensities of the
downward and upward light fluxes, respectively,
and J, is the intensity of the downward collimate
flux. In Eq. (2), the collimate component
transformed to the diffuse one because of light
scattering plays the role of a “source”. Summing and
subtracting Eq. (6) we obtain equations for the
integral light intensity J=(J +J) and direct diffuse
light flux (J'-J)

S ) o
dn\J " +J" -p ONJ +J" 0

which is reduced to the only diffuse equation with a

source in the right-hand side

e =-pJ, (8)
Here the vertical distribution of the collimate

component is governed by the usual Lambert’s law

Jo = J oo exp(—Lh) )
Taking into account Eq. (5) the general solution

of Eq. (4) has the form

J=J,exp(-ph)+C, +C,h (10)
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The main feature of the problem in question is
that the boundary conditions are set up on the values
of the upward and downward fluxes but not on the
values of the integral intensity, which fits Eq. (4). In
other words, the value of the downward flux at the
upper boundary of J," (we choose this point as the
origin of the frame of reference with the h axis
directed downward) may be considered as a given
value. In a similar manner the condition of the
complete absorption by the Earth’s surface (point
h,) is expressed by J | m=0. The values of the
upward and downward fluxes may be expressed via
the distribution of the integral intensity and its
derivative according to (3) and (4)

gr=2P= (11)
23

g =2B*S (12)
28

Using Eq.’s (7) and (8) and taking into account
the boundary conditions one can obtain the
expression for the upward component:

J =y 4y P =0 (13)
ph, +2

One can see that the values of the downward
fluxes (both diffuse and collimate components) enter
in a similar way the expression obtained. Therefore
one can determine the reflection coefficient which
according to Eq. (9) will be
L= B, —h (14)

ph, +2

exp(—ax/cos @)

For the case of oblique incidence the same
equation may be expressed in terms of the scattering
coefficient referred to the entire thickness of the
layer considered S),=ph,,
=B (15)

B, +2cosd

Figure 4 shows an example of the calculated
dependence of the reflection coefficient on the solar
zenith angle in the range typical for middle latitudes.
One can see that from noon to twilight this value
increases by several times and that indicates once
again to an increasing role of scattering processes in
twilight.

For the beginning we note that if the light
scattering processes are essential only in the
atmospheric layers below the ozone layer then they
almost do not impact the results obtained by the
multi-wave method [15]. This is because the
measurements are conducted in a narrow enough
spectral range. On the contrary, the multi-wave
method becomes inapplicable if scattering processes
are essential in the atmosphere including the
atmospheric layers above the ozone layer. We
compare the calculation results obtained with the
help of the multi-wave method and on the basis of
the theoretical considerations described above. The
operation (4) may be done assuming that the total air
content above the ozone layer is about 5% of the its
total mass and using the reflection coefficient (15) to
determine the elements of matrix (3). This leads to
the following expression for the transmission factor
of the three-layer atmosphere

T =
1+ f/cos +0.05(1 —exp(l —exp(—2ax/ cos @))( > / cos’ 6)

S0 a0 70 8D %0
Solar zenith angles

i 1
0 a0

Fig. (4): Dependence of the reflection coefficient on
the solar zenith angle

On the basis of Eq. (16) the standard deviation
<Lyow-Liamy>> was calculated as a function of the
solar zenith angle (Fig. 5, curve 1). Here
L,e,=log(l/I))=log(T) and L,,,,, was calculated using
the multi-wave method. Real atmospheric
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(16)

parameters were used for the days shown in Fig. 1.
Figure 5 shows graphs based on the data in Fig. 1
but presented in a more convenient scale for
comparison (curve 2). One can see that the
calculations performed for the model three-mirror
system also indicate to the existence of the critical
zenith angles at which the standard deviation
increases abruptly. That means that precisely the
atmospheric scattering processes above the ozone
layer are responsible for their existence.

4. Conclusion

It is shown that at large solar zenith angles the
standard deviations given by the known multi-wave
method increase abruptly. The analysis of the causes
of these errors carried out with the help of the
optical methods of the laminated medium theory
makes it possible to establish that under certain
conditions the terrestrial atmosphere presents an
analog of a three-mirror interference system and the
atmospheric layers serve as partially transmitting
mirrors for the ultraviolet radiation in the Huggins



band. The essential role played by the radiation
diffuse component at large solar zenith angles is
established. Using the four-flux model specific
equations for calculations of the reflection
coefficients of the atmospheric layers determined by
processes of the backward light scattering are
obtained. A mathematical description of the
radiation propagation through a layer structure is
proposed, the description taking into account mutual
transformation of diffuse and collimate light
components. Thus the results obtained in the paper
spread outside the framework of the ozonometry.
For instance, they can be used to study the energetic
balance of the ozone layer during the dawn-dusk
hours. Actually, since the reflection from the
effective mirrors above and below the ozone layer in
the twilight becomes significant, the radiation may
be quite “captured” between them. Hence there
follows a possibility of occurrence of significant
disturbances of the ozone layer in the twilight. The
results obtained make it also possible to suggest that
studies of light reflection processes from
atmospheric layers may appear important for the
analysis of interactions between atmospheric
components and radiation in other spectral ranges.
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Fig. (5): Comparison of the experimental and
theoretical results
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Characteristics of
p-n Junction Silicon
Carbide LED

Silicon carbide has been widely used as material for manufacturing yellow,
red, green LED and optoelecronics devices (indicators, screens). The silicon
carbide LED technology has been investigated for improvement of their
operational characteristics. This includes the influences of the surface
processing (etching, annealing), the formation method for the p-n junctions
and the contacts on the LED properties. Light-emitting devices used as light
sources for optical-fiber communication lines. LED fabricated by Al ion-
implanted in 6H-SiC and investigated their characteristics for an effective
green LED. The brightness of the ion-implanted p-n junction was found to
be two orders higher than that of diffusion p-n junction, and the best value
was 2000-10000 cd/m’ with passing current about 0.5mA through area
50x50pum and applied voltage about 2.6+0.2V. The ion-implanted structures

showed a high stability of light in the temperature range of 77-600K.
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1. Introduction

Silicon carbide LED first became a significant
commercial success when NREE (USA) got them on
the market in the early 1990’s. Today, CREE’s CB
series of super bright LED are a new generation of
solid-state LED emitters, which combine highly
efficient InGaN with CREE’s SiC substrate. CREE’s
main LED products now have SiC as a substrate for
gallium nitride or indium gallium nitride as active
ingredients, and emit blue as well as green and blue-
green luminescence. Yellow silicon carbide LED’s
had been made around 1970-1975 in the former
Soviet Union. Diffusion p-n junctions had been
applied to manufacturing this LED devices. Single
crystalline SiC with NpxN,=(1~5)x10"*cm™ was
suitable for manufacturing such devices. The
diffusion factors depend on the concentrations of the
impurities in the crystals. The process of p-n
junction creation is rather complicated because the
usual impurity concentrations in crystals range from
10" to 10" cm™. The optimal depth (1um) of the p-
n junction had been obtained with industrial crystals
[1].

To obtain a high manufacturing yield for LED
with uniform light, the following technique had been
applied. Diffusion of Al with O was carried out for 2
hr at 1700°C. Then, B and Al were introduced for 15
min at 1600°C. The sources for O, Al, and B were
Si0, 99.99% Al and B,O;, respectively. After the
diffusion processes, appreciable changes in the
surface morphology or the carbon traces were
observed using optical microscopy. The low-
temperature (77K) and the high-temperature (300K)
photoluminescence in the ultraviolet wavelength

range showed repeatable and clear spectra for the
uniformly doped samples. Diffusion of Al and O
above 1700°C resulted in a deterioration of the
surface conditions, and diffusion of B and Al at
higher temperatures made the photoluminescence
spectra less clear and the surface conditions even
worse. The time at optimum temperature could be
adjusted to change the color of electro-luminescence
from yellow-green to red (in the wavelength range
between 5600A and 6000A). In the case of a yellow-
green color (5600A), the time for the diffusion of B
and Al turned out to be 20-25min. A further increase
in the diffusion time caused the p-n junction to be
less sharp as well as the voltage drop on the p-layer
to increase, and, consequently, spreading of the
current carriers on the p-layer and less clear light
drawings on the displays. At the shortest diffusion
time (Smin) for B and Al, the thickness of the p-n
junction was too small to assure an effective LED.
The parameters of such LED and indicators, which
had been fabricated, are listed in Table 1. Usage of
another SiC polytypes (4H, 3C, 15R) allows to
change the color of light, too.

Because of the extreme stability of silicon
carbide, it is not necessary to dope the crystal by
thermal diffusion. Instead, dopants can be
introduced by ion implantation. Once implanted into
the crystal, the dopant atoms occupy interstitial
positions in the lattice and must be transferred to
substitution sites to become electrically active. This
“activation” is accomplished by high temperature
annealing in an inert ambient such as argon.
Nitrogen and phosphorous are typical n-type dopants
in SiC.
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Table (1) LED (diffusion p-n junction) on 6H-SiC

' Light Light Working Brightne Size of light area
Device voltage  current  voltage ss >
V) @A) V) (ednd) L
LED indicator (10 elements) 2.2 5 2.4+0.2 30-80 800x300
LED matrix (64 elements) 2.540.1 0.5 3.0+£0.2 60 120x120 step 100
LED break with high resolution 24102 25 31200 70 40x40 step 60
(64 elements)
LED break (100 elements) 2.4+0.2 0.5 2.8+0.1 80 100x100 step 100
LED break with face conclusion of 40x40 step 60

light (step 100)

Aluminum and boron are p-type dopants.
Implantation is usually conducted with the sample at
elevated temperatures (600-800°C) to provide some
in-situ annealing of lattice damages caused by the
implant. The implanted sample is subsequently
annealed at temperatures 1000-1700°C for times 5
and 90 minutes to activate the dopants. The
dynamics of activation depends both on the dopant
species (i.e. aluminum and boron, nitrogen and
phosphorus) and upon the SiC polytype (i.e., 4H or
6H). Activation of nitrogen implants in 4H-SiC
requires higher annealing temperatures than those in
6H-SiC. Phosphorus is an excellent n-type dopant in
4H-SiC when implanted at high doses, such as for
source and drain regions of MOSFET p-type
dopants, aluminium and boron, require much higher
temperatures  for  efficient activation and
temperatures above of 1650°C are necessary for that.
Aluminum implants typically achieve the same
degree of activation at annealing temperatures about
100°C lower than boron. At any given annealing
temperature, there exists an optimum annealing time
[2].

This article reports results of SiC green LED
electrical characterization. This LED had the same
brightness as CREE’s LED, but higher stability,
more simple design (without AlIGaN or GaN layers)
and can be used in various usual applications.

2. Experiment

Green LED had been prepared by the method of
ionimplantation of impurities into 6H-SiC crystals.
Al'-implanted for p-n junctions in 6H-SiC substrates
and their characteristics were investigated as an
effective LED. The ion-implantation was carried out
on polished n-type 6HSIiC crystals and on epitaxial
layers of 6H-SiC with an impurity concentration of
NpxN,=(2-8)x10'® c¢m™. Substrate was doped by
donor nitrogen. Implantation was performed with
80keV Al" by using an ion accelerator. The
implanted depth was 0.5um, and the concentration
of Al was 10 cm™. The optimum implantation time
and the substrate temperature were 2 min and 660°C,
respectively.

Despite the low resistance of the p-layers, a thin
high resistive layer of C was formed on the surface
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of the crystals after implantation. This C film
reduced the adhesion of the metals deposited for the
contacts, increased the resistance of the contacts to
the p-layers, and worsened the light uniformity. The
crystals were annealed at 800-1100°C for 2-10 min
to remove the C layer and to reduce the quantities of
radioactive defects. Before the LED fabrication
process, the crystals were etched in an acid mixture
of HF and HNO;.

Contacts were prepared by deposition of Al layer
on p-SiC heated to the temperature 550°C in vacuum
(implanted and annealed). Al contact thickness was
less or about 4000A. Ni layers was deposited for
protection of Al layer from oxidation and for better
contact with wire during LED manufacturing.
Thickness of Ni layer was about 2000A. Contacts to
the n-SiC substrate were made by laser using Ti and
Ni wire. Contact of necessary configuration were
made by photolithography methods.

3. Results and Discussion

Photos of prepared LED are shown in Fig.1 (a, b,
c¢). Just this LED was made on n-epitaxial layer
grown by Tairov’s method. The boundary between
n-layer and implanted p-layer is shown. The block
structure of epilayer and p-n junction is also shown.
Single crystals grown by the Lely method had been
used for such LEDs, too, but photos of epilayers
with implanted aluminum are more interesting than
these of single crystals with p-n junction. The
voltage-current characteristics of ion-implanted p-n
junctions are shown in Fig. 2. The differential
degree a=dl,l/dV is shown in Fig. 3.

In the low voltage area (at a voltages less then
0.08V), «ais about unity. Determined from this
linear site leakage is (1-2)x10*Q. The reason of such
resistance is carbon or silicon oxide on the surface of
LED. In the region of very small voltages:

I1=1, exp(VKJ (D
T

This circumstance, as well as independence of V7
on temperature permits to think about tunnel
character of this part of the voltage-current
characteristics. Concentration evaluated from a
volume charge is as follows:



32h°

N about (1-4)x10*cm™ is indicative of a rather high
doping level of the junction. The ideality factor 1.9
to 3.2 was obtained from the following exponential
part of the forward bias current-voltage
characteristics. The forward saturation current was
(3-5)x107"° to (3-5)x10™® A/em?” and forward turn-on
voltage of 0.8 to 2V (at current density about (5-
8)x10® A/cm®. Reverse biasing produced average
leakage currents were that were of the order of 10°®
to 10° A/em® (at 10 to 20V reverse bias).

n, 2
N =[P gy = Ty s @)
ens n

Fig. (1): Micro photo of ion-implanted LED:
Magnitude: (a) x75, (b) x380, (c) x730

The ideality factor had some trends. Namely, the
ideality factor is decreased and forward current
density is increased with increasing operation
temperature in the range of 20°C to 400°C. The
ideality factor is of the order of 2 for most LED
suggesting that recombination/generation current is
dominant over diffusion current. The ion-implanted

S.I. Valskina

p-n junctions are sharp, and the injection of carriers
as well as their recombination in the player prevail.
The sharpness was maintained in the temperature
range between 77K and 500K. Recombination
happens in the layer of the volume charge in the p-n
junction at low levels of injection, but the
recombination prevails in either the p- or the n-area
at high levels of injection, depending on the doping
degree.
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Fig. (2): Voltage-current characteristics of ion-
implanted p-n junction in 6H-SiC
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Fig. (3): Derivation  from voltage-current

characteristics of ion-implanted LED

In the region of voltages changing from 2.2V to
18V the adegree is reduced passing the flat
minimum. Then adegree (Figs 2, 3) is again
increased and can be described by the expression:

1
Al* +V

1

V= )

BI* +V,

The square-law part of the voltage-current
characteristics enables to calculate the major carrier
lifetime near the cathode:

L2
= =(0.8-1.2)x107%s “4)

244,
(un=100cm*/V)

T"k
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Characteristics of p-n Junction Silicon Carbide LED

That is in good agreement with the experimental
data of transitive characteristics, where ignition time
is (2.5-3)x10™s and emission time is (1-1.5)x10s.
The light-brightness characteristic of the ion-
implanted p-n junction is shown in Fig. 4. The
differential degree f=dB/dl,l is shown in Fig. 5. The
linear region extends from 7x10*A to 102A/cm’.
The high stability of the light, even at 77-600K, is
another characteristic for the ion-implanted
structures, which is understood mainly by the role of
the radioactive defects in the emission. The
concentration of defects is constant in the
temperature range of 77-600K.
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Fig. (4): lon-implanted p-n junction light brightness
characteristics

The destructive features of the ion-implanted
structures produced narrow lines in the electro-
luminescence spectra at relatively small current (Fig.
6) A correlation between the narrow lines in the
spectra and the brightness of LED had been
established; most of the effective LED had narrow
lines at low temperatures. It is a very convenient
way to select crystals for green highly bright LED.
When the temperature increases, the narrow lines
disappear from the spectra. The fact that the sharp-
line structures of the electro-luminescence spectra
coincide with those of the photoluminescence
spectra at low temperatures (77K) is an additional
indication to support the suggestion that the
characteristics of the spectra are due to radioactive
defects.
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Fig. (5): Derivation from brightness-current
characteristics of ion-implanted p-n junction
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Fig. (6): lon-implanted p-n junction

electroluminescence spectrum

The ion-implanted structures have much faster
response times than the diffused ones (Table 2). The
switching time is close to 10™%s, which provides wide
opportunities for the applications of such LED to
optical couples and optical-fiber communication
lines. The brightness of the diffused LED is 30-100
cd/m® at 10mA/mm?, while for the ion-implanted it
is 500-600 cd/m* at 10mA/mm’ and even (2-
10)x1000 cd/m” for the best samples. On the other
hand, ion-implanted p-n junctions can be applied
widely in optical-fiber communication, especially,
short communication lines, because of their high
speed (10®s), high stability of light for 10,000 hrs,
linear brightness-current characteristics up to a
current density of 10A/cm’, high brightness, absence
of brightness degradation, and stability of
characteristics over a wide interval of temperatures.

Table (2) LED for the fiber communication line

Switching Switching Working Brightness Size of light Switching time
voltage (V) current (mA) voltage (V) (cd/m?) area (Um?) (s)
50x50 0.15
2.6£0.2 0.5 3.240.1 2000-4000 R0x50 0.1
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4. Conclusion

The characteristics of silicon carbide LEDs were
investigated. These included the influence of surface
processing, the formation method of the p-n
junctions, and the contacts on the properties of the
LED. Green SiC LEDs can be used as light sources
for optical-fiber communication lines, in the traffic
lights, as indicators, in screens and so on. p-n
junctions were fabricated by Al’ ion-implantation
6H-SiC, and annealed at 800-1100°C.
Characteristics for using as effective green LED had
been investigated. The brightness of the best ion-
implanted p-n junction was found to be about 2000-
10000 cd/m’. The ion-implanted structures showed a

S.I. Valskina

high stability of light in the temperature range of 77-
600K. The pulsing characteristics of these LEDs
based on ion-implanted structures had a response
time close to 10™s.
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A series of binary tellurite glasses in the form TeO;qg.) - M0Oj) when
[x=10, 20, 30, 40, 50, 55wt%] were prepared. FTIR spectra were measured
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connected to the chains of TeO, units.
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1. Introduction

Tellurite glasses are relatively new class of
vitreous material, having gained popularity as a
result of pioneer work by Stenworth [1]. It is well
known that pure TeO, is vitrified with difficulty [2-
3] and there was considerable doubt about the
existence of TeO, in a true glassy state. TeO, glass
was, however, prepared and its optical absorption
and infrared in tungsten tellurite glasses was studied
[4].

Tellurite glasses with TeO, as the main former
are considered as potential candidate materials for
all optical switching materials and laser host. They
are of technical interest on account of their low
melting points, high refractive indices, dielectric
constants, good infrared transmissions, and high
thermal expansion coefficients [5].

The structure of amorphous TeO, and other
tellurite glasses has been the subject of several
investigation [2,6]. TeO, glasses have been reported
to consist of a network of individual interconnected
deformed TeO, trigonal bipyramids with two
equatorial and two axial bonds leaving alone pair of
electrons in the equatorial position. This building
unit of TeO, is then connected to the neighboring
units via bridging oxygen to form three dimensional
crystalline structure. In tellurite glasses, however,
the modifier atoms play one more important role that
is causing the variation of the structural unit itself.
Structural units of tellurite glasses are reported to be
TeOx (x=3-6) polyhedra [7-8]. It is in contrast with
the structural wunit of silicate glasses (SiOy4
tetrahedron) which is not affected by modifier
atoms. Dimitrieve et. al [6] have studied the short
range order of TeO,-V,05 and TeO,-MoO; glasses
using infrared spectroscopy by comparing the
infrared spectra recorded from both amorphous and
crystalline materials, they suggest that transition of
TeO4-TeO; took place within basic structural units
with the introduction V,0s and MoOj in the glass.

Nevo et. al [9] have also proposed a structural model
of tellurite glasses in the TeO,-Fe,03 systems with
high concentrations of TeO, based on neutron
diffraction analysis. According to their model, the
basic coordination polyhedron is the tribunal
bipyramid TeO,4 connected through bridging oxygen
atoms while Fe atoms assume octahedral
arrangement to the oxygen atoms. They do not
exclude the possibility of the TeO; polyhedra
formation, even though its contribution to the radial
distribution function (RDF) is considered to be
small.

The purpose of the present work is to establish
what structural changes may be registered by FTIR
spectra in short range order as a consequence of
adding MoO; as a modifier with different
concentrations of the glasses system (TeOxgo-x)-
MOO}(X)).

The results of Fourier transform infrared (FTIR)
spectrophotometer are believed to help interpreting
our results.

2. Experiment

The glasses under study have been prepared by
mixing high purity TeO2 and MoO3 in specified
contains. By using alumina crucibles, the oxides
melted in an electrical furnace held at 800-850°C
depending on the contained of MoO; for 1 hour and
quenched rapidly at 300°C for 1 hour. The prepared
samples were examined by x-ray diffraction (XRD)
for distinguishing the glassy states. The FTIR
absorption spectra of the prepared glasses in KBr
matrix were recorded on a SHIMADZU-8300 FTIR
spectrophotometer at room temperature. The
produced glasses were thoroughly grounded and
mixed with equal ratio of KBr. The pellets were
clean and uniform. The FTIR absorption spectra of
the prepared glasses as a bulk were recorded as
shown in figure (1).
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FTIR Spectra of Molybdenum Tellurite Glasses

3. Result and Discussion

The FTIR spectra of the glasses have been
studied together with the spectra for crystalline
TeO,, which are presented in figures (1) and (2). By
comparing the present spectra of the glasses with
their crystalline constituents [10], it has been found
that most of the sharp bands characteristic of the
crystalline TeO, were disappeared in figures (1) and
(2). The bands have broadened and shifted slightly
ongoing from the crystalline to the amorphous
(glassy) state, while new bands have appeared by the
addition of MoO; oxide.

Figure (1) shows the FTIR spectra of the glasses
as a bulk. It shows a broad band corresponding in
the OH stretching (Vo) at 3143 cm™ for pure TeO,.
This band may be due to presence of the inclusion of
water molecules in the pores.

The most diagnostic peaks have been shown in
Table (1). Figure (2) shows the FTIR spectra of the
glass system with KBr in pellet form. The main
infrared band at 625 cm™ which is attributed to
symmetrical stretching vibration of Te-O, bonds in
the deformed TeO, units. By analogy with the
crystalline TeO,, it may be concluded that the
maximum do belong to deformed TeO, groups.
Dimitrive et. al [6] concluded that glasses containing
symmetric TeO4 groups equivalent to maximum at
670 cm” and shoulder at 635 cm”, while glass
containing deformed trigonal bipyramid for TeO,
groups corresponded to a shoulder at 670 cm’
(which we could not find in the present study) and
maximum at 635 cm™.
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Fig. (1): FTIR spectra of glasses in TeO2-MoOs3
system as a bulk

Adding MoO; to the tellurite glass, the maximum
was shifted slightly to higher wavenumber as we
increased the modifier content. This is due to
changes of coordination state of tellurium atom from
TeO, through TeOs.; to TeOs; with bond breakage
between tellurium (Te) and axial oxygen (O,y) as we
increased the modifier atoms [8] (the notation
TeOj;,; means that there are three short Te-O bonds
and a comparatively longer Te-O bond in the TeOs.;
polyhedra) [9].

Table (1) The absorption bands of FTIR spectra for TeO2>-MoO3 systems [16,18]

Sample No. and Glass System

Infrared absorption band position (cm™ )

TeO; (crystal)[16][18] -

270 350 [16]

- - 580 660 771 - - -

TeO, (glass) [18] - - 340 - - - 640 740 - - -
Ho TeO,glass - 268 350 - - - 625 - - - 31438
H2  (TeO2)eo — MoOs (10, 216 262.3 345 365 - - 625 - - - 3200
H3_ (TeOz)so— MoO; () 214 264 3406 370 - - 630 - 840 930 3260
H4  (TeOz)70 — MoOs (30) 214 264 341 369 - - 635 - 855 935 3300
H5 (TeO2)s0 — M0Os (o) 214 2681 339 372 - - 635 - 864 940 3300
H6 _ (TeOz)s0 — MoOs (s0) 214 264 329 372 - - 640 - 870 950 3300
H7 _ (TeOz)ss — MoOs (s5) 214 260 325 372 - - 648 - 880 960 3300

Actual tellurite glasses are made up of not only
one structural unit but the mixture of TeO,, TeOs;
and or TeO; [7,9]. This is due to the local
inhomogeneity. The electrons do not transfer from
the modifier atom to all the structural units, and
consequently two or more states of the structural
unit exist in the actual tellurite glasses. Mochida et.
al [11] found with the aid of IR spectra and
according to Yakhkind [12] that the number of
TeO;.; group is stimulates modified oxides. New
appearance of the maximum at 840 cm’ as the
MoO; content increases above 20%wt. is an
indication of the growing role of complexes in the
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formation of the network. This maximum shifts to
higher wavenumber as the content of modified oxide
(Mo0O3) increases. The new shoulder appearing at
930 cm can be related to the presence of short,
isolated Mo=0 bond [13].

In tellurite glasses, however, the modifier atoms
play one important role, causing the variation of the
structural unit itself. It is in contrast with the
structural unit of silicate glasses (a SiOy tetrahedron
which is not affected by modifier atoms) [8]. So, as
the MoO; content increases all the Te-O-Te bonds
will be attacked and the number of Te-O-Mo
bridging bonds will increase without a direct attack



on the isolated Mo=0O bonds [8]. A similar
mechanism has been suggested for glasses of the
TeO,-V,05 system in which a bond corresponding to
V=0 vibrations is found at 975 cm™ [14]. The
maximum at 840 cm™ could be attributed to the
stretching vibration modes of equatorial bonds of
Mo-O [13].
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Fig. (2): FTIR spectra of glasses in TeO;-MoOs3
system with KBr in pellet form

4. Conclusion

New peaks at (389-372) cm™ have been observed
by FTIR spectra, their sources have not clearly been
identified but Cheromisinov and Zlomanov [15],
from their analysis by Raman spectrum of TeO,
[both crystalline and amorphous], suggested that
these peaks are related to various modes of TeO,
units and are not connected to the formation of TeO;
pyramids.

We suggest that they may be due to the various
modes of Teys:; units. The increase in the intensity
of these peaks with the addition of MoO; gives a
supports to the above suggestion. Two other peaks
of 350 cm™ and 268 cm have been noticed in all
studied TeO, glass systems and the maxima at 350
em’ and 268 cm’ were noticed as well in the
crystalline TeO, [16]. This means that they all
belong to Te-O modes of vibration.

A maximum at about 216-214 cm’, which
appeared by adding MoO;, may be due to non-
bridging oxygen atoms, which is confirmed to be
exist in the structure by Nevo et al. [9] for TeO,-

S.K. Al-Ani et al.

Fe,0; glasses. Jong Heo et al. [17] suggest the
presence of non-bridging oxygen atoms in Li,O-
TeO, and Na,O-TeO; systems and this is confirmed
by Sekiya et al. [7] on alkali tellurite glasses.
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Design of a Multi-Electrode
Immersion Lens for
lon-Optical Systems

The present work puts forward an electrostatic optical device for
application in an ion-optical system. A design has been achieved
computationally for a multi-electrode immersion lens of low relative
spherical and chromatic aberration coefficients with the aid of the
Sfollowing suggested expression for the potential field: U(z)=[(a*z)/(z;+c)]+b
where a, b, and c are constants, 7 is the optical axis, and U(z) is the axial
potential distribution. The potential is constant at the boundaries, therefore
the electric field is zero, i.e. there is a field-free region outside the lens
where the charged particles travel in a straight line. The lens consists of
four electrodes where the terminal electrodes are identical in their
geometry. The two inner electrodes have the same shape of a thin disc and
their central holes are equal. The lens is not symmetrical about the origin
but is rotationally symmetric. The paraxial ray equation has been solved
using Runge-Kutta method for the zero and infinite modes of operation.
The spherical and chromatic aberration coefficients C; and C, respectively
have been computed using Simpson's rule. The following results are
obtained for C; and C. normalized in terms of the focal length f:
(CPmin=1.3 and C/f=5 for zero magnification; (C/f)yi,=14.42 and
C/f=5.73 for infinite magnification. These results suggest that operating
the proposed lens under zero magnification conditions is more favorable.
Therefore, the proposed expression for the potential distribution is
recommended for representing an electrostatic immersion lens of low
relative chromatic aberration coefficient.

Keywords: Electrostatic lenses, lon-optical system, Spherical
aberration, Chromatic aberration
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1. Introduction

Electrostatic lenses are finding increasing
applications in many areas of science and
technology particularly in modern ion implantation
instruments. lon implantation is one of the key
technologies in the fabrication of dimensionally
controlled semiconductor structures. [1,2].

For the last several decades, many efforts have
been made to combine a transmission electron
microscope (TEM) with ion implanters [3-5]. This
system avoids the problems of transferring samples
from the ion implanters to the electron microscope
[6]. In situ TEM experiments have the specific
advantage that defect clusters produced by heavy ion
implantation can be directly correlated to the
appearance of highly disordered or amorphous zones
for a given ion impact, since the same sample area is
monitored during the implantation itself [7]. Ions
can be accelerated and introduced into TEM column
through an electrostatic system of lenses. This paper
aims at investigating what can be theoretically
achieved when a proposed rotationally symmetric
electrostatic immersion lens is operated in an ion-

optical system under zero and infinite magnification
conditions with low aberration coefficients.

2. Electrostatic Lens Model

It is often desirable to perform a rapid
approximate evaluation of lens properties without
actually carrying out a detailed analysis. This can be
accomplished with the aid of a simple mathematical
model for the lens, i.e. an approximation for the
axial potential distribution that is reasonably close to
the real one and allows a solution in closed form or
an approximation in simple terms. The lens models
are basically of two types: The potential distribution
is either approximated by a single function for the
whole lens (analytical models) or it is divided into a
series of intervals and the distribution in each
interval is approximated by an elementary function
(piecewise models) [8].

It is aimed in the present work to find a more
simple analytic expression that would describe the
axial potential distribution of an accelerating
immersion lens with acceptable aberrations. Since
the lens is of the accelerating type, hence the ion
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beam enters the low potential electrode and emerges
from the higher potential electrode.

The following expression is suggested to
represent the potential distribution along the optical
axis of an immersion lens:

U(z)=[(ax2)/(z*+c)]+b (1)
where a, b, and ¢ are constants, z is the optical axis,
and U(z) is the axial potential distribution. Plots of
U(z) as a function of z are shown in Fig. (1) for
different values of a. An increase in the value of a
will increase the potential at the middle electrodes
while the ratio of the potentials between the outer
electrodes changes very slightly. The broken line is
the first derivative of the potential distribution when
a=6V.mm, b=19V and c¢=3mm’. It should be
mentioned that the above values of b and ¢ have
been maintained throughout the present work since
both put limitations to the beam trajectory and the
lens aberrations. For instance values of b less than
1.9V will change the lens into a diverging instead of
converging one. Furthermore, this value of ¢ will
offer the lowest aberrations possible. Figure (1)
shows that the potential is constant at the lens
boundaries, so its first derivative is zero; this means
that there is a field-free region outside the lens
where the charged particles travel in a straight line.
The potential applied on the electrodes at object
plane is U, and that at the image plane is U;. The
different potentials applied on the four electrodes
depend on the value of a taken into consideration.

From the values of the axial potential distribution
and its first and second derivatives the electrodes
profile has been obtained as shown in Fig. (2). The
radial and the axial dimensions of the electrodes r
and z respectively have been normalized in terms of
the total lens length L which has been taken in the
present work to be equal to 40mm as shown in Fig.
(1) by the axial extension of the field U(z). It is seen
that the immersion lens consists of four electrodes.
The terminal electrodes are identical in their
geometry. The inner electrodes have the same shape
of a thin disc and their central holes are equal which
allow passage for the ion beam. The four electrodes
have rotational symmetry about the optical axis. The
two halves of the lens have a mirror image.

3. The Trajectory of Charged Particles

The trajectory of charged particles through an
axially symmetric electrostatic lens field, in terms of
the axial potential field U(z) and its first and second
derivatives U'(z) and U"(z) respectively, is given by
the following paraxial ray equation [9]:
)+ ()L VB o 2)

20" (2) 4U(z)

where 7 is the radial displacement of the beam from
the optical axis z, and the primes denote a derivative
with respect to z.

Figures (3) and (4) represent the trajectories of
the charged particles traversing the field of the
immersion lens operated under zero and infinite
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magnification condition respectively. Under zero
magnification condition the charged particles enter
the lens field parallel to the optical axis. The
gradient of the emerging beam increases with the
increase of a, keeping b and ¢ in Eq. (1) constants at
the values 1.9V and 3mm’ respectively. Under
infinite magnification condition the charged particles
emerge from the lens field parallel to the optical
axis. The beam crosses the optical axis within the
lens field at the values of a = 3V.mm.

U(z) (volt)
4

-20 1] z {mm) 20

Fig. (1): The axial potential distribution along the
optical axis for different values of a

4. Spherical and Chromatic Aberration
Coefficients

The spherical and chromatic aberration
coefficients C,, and C,, respectively at the object
plane have been computed with the aid of the two
following formulae [9]:

SRR 4 ET L REN LAY
0 et ) l4lu 24\ U
(0] (0] ZO

3 ) ®)
+14(Uj f_3(U ) s
3lu) v 2lu) 2
C —VUOZji U s LY gy 4
-2 U s\u ) |Ju
Io Zg

where U, is the potential at the object plane. It
should be noted that the corresponding aberration
coefficients at the image plane could be expressed in
a similar form of equations (3) and (4) when U,"?
and ', are replaced by U;"? and ' respectively. The
integration given in the above equations have been
executed by means of Simpson’s rule. The
aberration coefficients have been normalized in
terms of the focal length £, i.e., the values of Cy/f and
C/f have been investigated as figures of merit,
which are dimensionless.
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Fig. (2): The electrodes profile of the four-electrode
electrostatic immersion lens
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Fig. (3): Trajectory of charged particles traversing
the field of the lens operated under zero
magnification conditions
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Fig. (4): Trajectory of charged particles traversing
the field of the lens operated under infinite
magnification conditions
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Figure (5) shows the relative image-side
spherical and chromatic aberration coefficients Cy/f
and C.f, respectively, as a function of a for the
electrostatic immersion lens operated under zero
magnification conditions. It is seen that as a
increases, Cy/f decreases towards a minimum value;
(C/PHmin=1.3 at @=6V.mm and voltage ratio
U/Uy~=1.37. This minimum value is electron-
optically acceptable. At this value of a the
corresponding  relative  chromatic  aberration
C/f=5.0, which is relatively high from the electron-
optical point of view. The figure shows that C./f
increases with increasing a.

1E+4

1E+3

1E+2

Fig. (5): The relative image-side spherical and
chromatic aberration coefficients Cysf and Cu/f,
respectively as a function of a for an immersion lens
operated under zero magnification conditions
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Fig. (6): The relative spherical and chromatic
aberration coefficients Cs/f and C./f, respectively as a
function of a for an immersion lens operated under
infinite magnification conditions

The plots of Cy/f and C/f as a function of a for
the electrostatic immersion lens operated under
infinite magnification condition are shown in Fig.
(6). In general the behavior of Cy/f'and C./f'is similar
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to that shown in Fig. (5). However, the values of the
relative  aberration coefficients under zero
magnification are less than those under infinite
magnification, which are (C/f)min=14.42 and
C./f=5.73 at a=5.3V.mm and U/U;=1.32.

It is seen that under both magnification
conditions the values of C./f are comparable when
Cy/f is minimum. Thus, so far as Cy/f is concerned it
is favorable to operate this lens under zero
magnification condition, i.e., the lens would form a
focused ion beam on the image side when a beam
parallel to the optical axis enters the lens. However,
if one is interested in having both relative
aberrations as low as possible, then it is possible to
reach a compromise. For instance, at ¢=5V.mm,
Fig. (5) shows that Cy/f and C./f are equal to 3; a
value usually acceptable in practice.

4. Conclusions

It appears that the proposed analytic function of
the axial potential field for an immersion lens offers
considerable advantages with regard to the relative
spherical aberration coefficient, particularly when
the lens is operated under zero magnification
conditions. This mode of operation is suitable for
using the lens as a focusing unit in an ion-optical
system. The operation of the proposed immersion

lens is limited by its relative chromatic aberration in
both zero and infinite magnification conditions.
However, this lens may be introduced in various
systems such as TEM and ion implanters to focus
the beam on the target.
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Calculation of Charge
Density Distribution of
(2s-1d) Shell-Model Nuclei
Using the Occupation
Numbers of States

The charge density distribution (CDD) of **Mg, Si, 3°Si, 32S and **S nuclei
have been calculated using the wave functions of the harmonic oscillator
on the assumption that the occupation numbers of the states in real nuclei
differ from the predictions of the simple shell model. The difference of the
CDD of (?88i-3’Si) and (°’S-**S) isotopes have been calculated to clarify the
influence of the additional neutrons on the CDD. The elastic electron
scattering form factors of the considered nuclei have been calculated using
the ground state charge density distributions.

Introducing an additional parameter (o) that reflects the difference of the
occupation numbers of states between the real states of the nuclei and the
simple shell model predictions, leads to a very good agreement between the
calculated and experimental results of the CDD and form factors. This
leads to the conclusion that proposing () as an additional parameter is a

real one.

Keywords: Electrostatic lenses, lon-optical system, Spherical
aberration, Chromatic aberration
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1. Introduction

The charge density distribution (CDD) is a
fundamental characteristic of the nucleus in its
ground states, and elastic electron scattering is a
unique method of determination of this quantity.
Here, the larger the momentum-transfer to the
nucleus the more accurate is the CDD extracted
from such experiment.

Various theoretical methods are used for
calculations of the CDD, among them the Hartree-
Fock (HF) method with Skyrme effective interaction
[1,2], the theory of finite Fermi systems (TFFS)
[3,4] and the single particle potential (SPP) method
[5]. In the Hartree-Fock in addition to the Skyrme
forces SI-SVI, the multiparametric forces Ska, Skb,
ST, SM and SM" with up to ten parameters [6] are
used. In the HF method the energy dependence of
the effective interaction is not taken into account.
Taking into account retardation effects in the TFFS
improves the description of entire set of data in
comparison with the HF method with effective

R (r) = [(ﬁ%b3 VAQRI+ADIN (n =)' 2" (21 + 20— 1)!!.(%)2’

n—

k=0

forces [4]. However, the TFFS describes properties
of medium and heavy nuclei and is inapplicable to
light nuclei. In the SPP method [5] instead of the
wave function of the nucleus one introduced the
single particle density matrix n' containing complete
information on the single particle properties of the
nucleus. The method is close to the HF method, but
here fractional filling numbers of the state n,, which
are determined from experiment, are introduced.

2. The Theory

2.1 Charge Density Distributions

The charge density distribution CDD of the shell
nuclei can be evaluated by means of the wave
functions of a harmonic oscillator, since [7]:

p(r) = i;@j +DR(r) (1

where R,(r) is the radial part of the harmonic
oscillator wave function, which is given by [8]:

2

* 3 (=) 4 — 1= k)R (2k + 20 + 1)1 25 (n = 1))(2L + 1)1!(%)“]2 rexp(-""/)
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Putting Eq. (2) into Eq. (1), in the simple shell
model, the CDD for 2s-1d shell nuclei are:

4 4. r 4 2
Z—=)=)"}. =r
20 e

) G)

1
p(r)=—
ﬂ'éb3

where Z is the charge of the nucleus and b is the
oscillator parameter.

Eq. (3) gives the CDD of 2s-1d shell nuclei on
the bases of the simple shell model.
The mean square radii (MSR) of the considered
nuclei are obtained according to the following
equation [9]:

<r2> = 47”?,0(;’)1*4 dr

The normalization of the CDD is given by [10]:
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where the parameter « which is equal to ot
characterizes the deviation of filling numbers from
the predictions of the shell-model. The CDD of Eq.
(7) is obtained on the assumption that there is a core
of filled 1s and 1p shells, and the proton numbers in
2s,1d and 1f shells are equal to, respectively, 2-a, Z-
10+« and o, (in real nucleus) instead of 2, Z-10 and
zero (as in the simple shell model of Eq. (3)), where
the parameters ¢, o1 and o, represent the deviation
of the shell charges of 2s, 1d and 1f from the
prediction of the simple shell model. The parameter
a is determined from the central CDD, p(r=0), of
Eq. (7), ie

p(0) = / G- 2a) ®)

Since the values of p(0) are known, i.e., they can
be taken from experiments. The harmonic oscillator
size parameter b are obtained by introducing the
experimental MSR of considered nuclei into Eq. (6).
The parameters ¢ and o, are determined by:

2 Y .3 Z, 7
o, =§(5—7r/b pO) = () =10+ 22 ©)

@ =2 () +10- 12 (10)

2.2 Elastic Electron Scattering Form Factors
The elastic electron scattering form factors from
spin zero nuclei can be determined by the ground-
state charge density distributions. In Plane Wave
Born Approximation (PWBA), the incident and
scattered electron waves are considered as plane
Similarly, the form factors of the above nuclei
according to our assumption (i.e., a#0) can be

F@ = (2+C -5 = car a)gh +(5 -

32

2«

1

fC e ang b [

120

T4
_al))(g) (

Z= 47[Jp(r) rdr (%)
0
Substituting the form of the CDD of eq.(3) into
eq.(4), we obtain the (MSR) of 2s-1d shell nuclei:

A b 20
<r >_7[7—?] (6)

In the present work, the CDD of the 2s-1d shell
nuclei are calculated by means of the harmonic
oscillator wave functions on assumption that filling
numbers of the states in real nuclei differ from the
predictions of the simplest shell-model. These
numbers can be determined from the comparison
between the calculated and the experimental charge
density distribution. Therefore, with this assumption,
the CDD for 2s-1d shell nuclei are:

JANTS 2 7
s@a) Q) e ()

waves and although this seems to be somewhat
reasonable, an accurate testing of the experimental
cross section values and other observable leads to
the realization that using PWBA provides mainly
qualitative description even for light nuclei [11,12].
Therefore, in PWBA and if the CDD is real and
spherical symmetric, the form factor is simply the
Fourier transform of the CDD and it is real and
spherical symmetric, and vice versa [13,14]. Thus:

F@) =2 [ pr) oo (an

where j (gr) =sin(gr)/dr is the zeroth-order
spherical Bessel function and ¢ is the momentum
transfer from the incident electron to the target

nucleus. Eq. (11) may be expressed as:
4% .

F(q) = —jp(r) sin(gr)rdr
9z

The form factors of the 2s-1d shell nuclei in the
simple shell model (i.e. a=0) can be obtained by
introducing the form of the CDD of Eq. (3) into Eq.
(12), i.e.,

(12)

1 1 22
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(13)

obtained by introducing the CDD of Eq. (7) into Eq.
(12), i.e.,
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3. Results and Discussion experimental CDD, the dashed curves are the

The calculated CDD of **Si, *Si, **S and *'S calculated CDD with a0 for the above nuclei.
nuclei have been compared with the fitted to the For all considered nuclei that are under
experimental data of Model-Independent (MI) CDD investigation, the experimental values of the root
[9],while the calculated CDD of **Mg nucleus has mean square charge radii, the central CDD at =0,
been compared with the fitted to the experimental the calculated values of the size parameter b, the
data of tow Parameter Fermi model (2PF) CDD [15]. calculated parameters «, «; and o, of the 2s-1d shell

In the figures (1) to (5), we present the nuclei are presented in table (1). The occupation
dependence of the CDD on r for **Mg, **Si, *°Si, S numbers of 2s, 1d and 1f orbits of 2s-1d shell nuclei
and **S nuclei. The squares are the fitted to the are presented in table (2).

Table (1) Parameters of the CDD of 2s-1d shell nuclei

<r2>% A0)
Nucleus Model efm’ V4 b fm a (o7} le73
fm exp.[9] exp.[9]
24Mg 2PF 3.03 0.0817 12 1.8554 1.39499 1.39193 3.053x107
=Si MI 3.078 0.0847 14 1.8441 1.36030 135745 2.851x10~
0Si MI 3.148 0.0763 14 1.8861 1.43175 143144  3.078x10°
S MI 3.244 0.090 16 1.9132 0.99223 099191  3.255x10™
S MI 3.277 0.0871 16 1.9326 0.99804 0.99476  3.288x10~
Table (2) Proton occupation numbers of states Inspection of the CDD of the *°Si and **S nuclei
i i i which are shown in figures (3) and (5), indicate that
Nucleus NOccupatlon Oizsrgeiitam Ommgriton the additional neutrons to the **Si and *S nuclei,
umbers of 2s  Numbers of 1d ~ Numbers of 1f X s N
Mg 060501 339193 3.053x107 !ead to change slightly the distribution of 'the pro‘Fons
®g; 0.63970 535745 5 851x10° in the shells because of the nuclear interactions
30g; 0.56825 543144 3.078x107 between these additional neutrons and the protons.
32g 1.00776 6.99191 3.255x107 This interactions leads to some decrease in the CDD
'S 1.00195 6.99476 3.288x107 especially at the central regions of these nuclei. By
the additional neutrons to these nuclei, the charges
It is evident from figures (1) to (5) of the CDD are removed from the interior and from the tail of
that the calculated densities with o=0 (dashed the distributions and transferred into the surface
curves) are in poor agreement with the fitted data, regions.
especially for small r. Introducing the parameter o .
in our calculations, leads to a good agreement, as z.o(r) efm”
shown by the solid curve in these figures. g } i T
z.p(r) efm™ 013 \\
015 p—— — o1z "
014 . hh{ﬂ i 041 - \\
013 b | 0.2 r |
012 * 0.09 & nnag
a1 . nos b “‘%L
010 R 0.07 By
006 f -
005+
D04+
D03 -
LOF b
N [
0O G
r{fr‘.‘lj
Fig. (2): Dependence of the CDD of *®Si nucleus on
6 r. the dashed and the solid curves are the calculated
r{fm) CDD of Eq. (7) when a=0 and =0, respectively. The
Fig. (1): Dependence of the CDD of 2*Mg nucleus on squares are the fitted to the experimental data of
r. the dashed and the solid curves are the calculated Model Independent CDD [9]

CDD of Eqg. (7) when =0 and a0, respectively. The
squares are the fitted to the experimental data of
Two Parameter Fermi Model CDD [15] with the
parameters ¢=2.98 f, and z=0.551 fp,
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Fig. (3): Same as in Fig. (2) but for **Si nucleus
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Fig. (4): Same as in Fig. (3) but for **S nucleus

z.o(r) efm
0.13
012 F-.

oo B

o0 r *
0.09 L, .
0.08 Tl
0.a7
0.06 |
005 b
D04
[EN I
0.0z

0.01 T
0.00 dam

3

0 1

r(fm)
Fig. (5): Same as in Fig. (2) but for %S nucleus

Els

2

Teegnl

4]

The difference of the CDD of (*°Si-**Si) and

(**S-*?S) isotopes Ap(r) are calculated to clarify the
influence of the additional neutrons on the CDD as
shown in the figures (6) and (7), respectively. The
squares are the differences of fitted CDD and the
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solid curves are the calculated difference of the
CDD with ¢0.

The elastic electron scattering form factors from
the considered nuclei are calculated and compared
with the experimental data as a function of the
momentum-transfer q as shown in the figures (8) to
(12), where the circles are the experimental results,
squares are the fitted to the experimental data and
the solid curves are the calculated results.

The from factors of Mg nucleus are presented
in figure (8). The experimental data [14] are well
described by the calculated data up to g=3 fin" as
shown by the solid curve. Figures (9) and (10) show
the form factors of **Si and *Si nuclei, respectively.
There is good agreement between the calculated and
the experimental data [14] for all momentum
transfer values of **Si nucleus. For *’Si nucleus, the
experimental data [16] (circles) are very good
described by the calculated data, and the fitted to the
experimental data [9] (squares) are described in the
region ¢<1.45fm™, the second diffraction minimum
in the fitted data is also described by the calculated
data. The form factors of **S and **S are displayed in
figures (11) and (12), respectively. The experimental
data [16] of **S nucleus and the fitted data [9] of **S
nucleus are very well explained by our calculated
form factors. The calculated form factors slightly
dispredicts these data at high q values, and it may be
attributed to the necessity of introducing the
occupation numbers to the shell 2p.

S

F{q)®
o

.

05 10 15 20 25 30 35 40

a(fm™) ”
Fig. (8): Dependence of the form factor of “"Mg
nucleus on the momentum transfer q. The solid
curve is the calculated form factor of Eq. (14) with
a+0. The circles are the experimental data [14]
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Fig. (6) Dependence of the difference of the CDD of (3°Si-288i) isotopes Z.Ap(r) on r. The squares are the
Model-Independent difference of the CDD. The solid curve is the calculated difference of CDD with 0.
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Fig. (10): Same as in Fig. (8) but for **Si. The circles

are the experimental data [16], and the squares are
the fitted to the experimental data [9]
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Fig. (12): Same as in Fig. (8) but for *S. The circles

are the experimental data [16], and the squares are

the fitted to the experimental data [9]

4. Conclusions

The charge density distribution (CDD) of Mg,
281, *°Si, S and **S nuclei have been calculated
using the wave functions of the harmonic oscillator
on the assumption that the occupation numbers of
the states in real nuclei differ from the predictions of
the simple shell model. The difference of the CDD
of (**Si-*Si) and (**S-**S) isotopes have been
calculated to clarify the influence of the additional
neutrons on the CDD. The elastic electron scattering
form factors of the considered nuclei have been
calculated using the ground state charge density
distributions.

Introducing an additional parameter (o) that
reflects the difference of the occupation numbers of
states between the real states of the nuclei and the
simple shell model predictions, very good agreement
between the calculated and experimental results of
the CDD and form factors was observed. This leads
to the conclusion that proposing (o) as an additional
parameter is a real one.
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