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This paper proposes a frequency synthesizer for WCDMA applications. 
Different techniques for phase noise reduction are discussed. Sigma-delta 
fractional-N technique is chosen for WCDMA system, since low settling time, 
spurious level and phase noise can be obtained by using this technique. Also it 
is proposed to add dither before the quantizer of modulator in order to 
eliminate any distortions introduced by the quantization stage. Design 
parameters for the proposed 4th order (1-1-1-1) MASH fractional-N 
synthesizer for 3G are selected from the results of analysis for each unit of the 
proposed system and according to WCDMA standards. Simulation results 
prove that the proposed dithered frequency synthesizer for the WCDMA 
application is very efficient in reducing noise. The in-band phase noise 
obtained with this synthesizer is -96dBc/Hz. MATLAB (R2010a) are used for 
simulation of MASH (1-1-1-1) fractional-N frequency synthesizer.
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1. Introduction
The most important network technology for 

third generation (3G) is UMTS (Universal 
Mobile Telecommunications System). UMTS is 
a European concept for integrated mobile 
services and it is based on the GSM and GPRS. 
It provides a wide range of mobile services 
wherever the user is located and multimedia 
service with data rates up to 2 Mbps. The cellular 
radio access method for UMTS is wideband 
CDMA (WCDMA). The new frequency band at 
the 2-GHz range is allocated for UMTS. The 
channel bandwidth is 5 MHz, and each channel 
is used by all cells [1]. However, common to 
almost all of these standards is that the data to be 
transferred is somehow modulated on a radio 
frequency (RF) carrier, and the modulated signal 
is then transmitted over the air. The received 
signal is demodulated in the receiving end, an 
accurate RF carrier signal must be generated. 
Therefore, a frequency synthesizer is required in 
transmitter and receiver for all wireless 
communication systems. Most important part to 
all wireless systems is frequency synthesizer 
(FS). A FS is a device that generates one or 
many frequencies from one or a few frequency 
sources. Practically all communication systems 
use local oscillator (LO) based on frequency 
synthesis [2]. 

The FS is used in the receiver or transmitter, 
as a part of a larger radio communication system. 
The receiver must be sensitive, selective, and 
able to detect even a weak signal among many 
other, possibly stronger signals. Therefore, a 
good receiver must have an accurate local 
oscillator frequency and low-noise components. 
However, a transmitter    must produce a signal 
that has enough power, very accurate frequency 
and clean enough spectrum. Most synthesizers in 
RF applications are based on the phase-locked 
loop (PLL) principle, as shown in Fig. (1), the
basic PLL is made up of four building blocks [3]: 
Phase-frequency detector (PFD), charge pump 
(CP) with  low pass filter (LPF), VCO, and a 
divider. An output signal of frequency fout is 
generated, and fout is divided by N. The output of 
the divider is a signal with low frequency (fout
/N), which is sent to the PFD. At the PFD, the 
phase and frequency of the signal are  compared 
with an external signal of frequency (fRef), which 
is generated using a crystal oscillator. The output 
signal of the PFD and CP is then low pass 
filtered, and the filtered signal is sent to the VCO 
input to control the frequency of the output 
signal. The disadvantage of this technique is the 
output frequency is equal to multiple of the 
reference frequency (fout=NxfRef), where N, the 
loop frequency divide ratio, is an integer. The 
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frequency resolution of the integer-N FS is equal 
to the reference frequency. The conventional 
integer-N PLL with low reference frequency has 
several disadvantages. First, the lock time is long 
due to its narrow loop-bandwidth. Second, the 
reference spur and its harmonics are located at 
low offset frequencies. Third, the large divide 
ratio (N) increases the in-band phase noise 
associated with the reference signal. Finally, with 
a small loop-bandwidth, the phase noise of the 
VCO will not be sufficiently suppressed at low 
offset frequencies. The most well accepted 
solution to these problems is the fractional-N 
PLL that will be discussed in the next section.

Fig. (1) The block diagram of phase-locked loop [3]

2. Fractional-N Frequency Synthesizer
In integer-N synthesizer, the minimum 

resolution is equal to the reference frequency. In 
order to get a finer resolution, a fractional-N 
technique is used to achieve frequency resolution 
finer than the reference frequency, as shown in 
Fig. (2a). The output frequency fout can be varied 
in fractional increments of reference frequency. 
The fractional part of divider is implemented 
using phase accumulator. 

The main source of problems in fractional-N 
synthesizers is when an overflow occurs in the 
accumulator, the divider (÷N/N+1) is divided by 
N+1 for one period, corresponding to a 2π 
decrease in the phase error at the phase detector 
input, as shown in Fig. (2b). The resulting phase 
error causes spurious tones at the output 
frequency [3].

2.1 Spur-Suppression Techniques
The classical approach to fractional-N 

synthesizer design employs dithering and phase 
interpolation (PI), as shown in Fig. (3). An 
accumulator carry-out signal is used to dither the 
control input to a multi modulus divider. The 
DAC is used to convert the instantaneous phase 
error, which is proportional to the residue of the 
accumulator, into an equivalent amount of 
charge-pump current to compensate the phase 
error [4,5]. The main limitation with this 
architecture centers on the achievement of a 
good matching between the DAC output and 
phase-error signal. This matching is difficult to 
obtain because the two signals are processed by 
separate circuits whose outputs are summed. Any 
gain mismatch between PFD error and DAC 

output will lead to spurious tones at PLL output
[3]. The second technique uses a delta-sigma
modulator. This technique is based on 
oversampling ratio (OSR) and noise shaping to 
reduce the phase noise, as shown in Fig. (4) [3].

(a)

(b)
Fig. (2) (a) Classical fractional-N synthesizer, (b) 
Accumulation process (fraction=0.25) [8]

Fig. (3) Phase interpolation technique [3]

Fig. (4) The power spectral density of the 
quantization noise [6]
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3. Modulator analysis
As shown in Fig. (5a), its name (∆Σ) is 

derived from the difference and summing nodes 
in a loop configuration, where “delta (∆)” 
denotes the difference operation made in the 
input node, and “sigma (Σ)” denotes the 
summation (accumulation).

In the linear model of the ∆Σ modulator
illustrated in Fig. (5b), the modulator output can 
be described by using the superposition principle 
as [6] :

)()()).()(()( zQzHzVzUzV +−= (1) 
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where H(z)=Z-1/(1-Z-1)

(a)

(b)
Fig. (5) (a) First order sigma-delta modulator (b) its 
linearized model [6]

Two transfer functions are used to determine 
modulator performance, a Signal Transfer 
Function (STF) of the system and a Noise 
Transfer Function (NTF) of the system. These 
transfer functions are given by:
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Substituting equations (3) and (4) by equation 
(2), the loop output is determined as:

)1).(().()( 11 −− −+= ZzQZzUzV (5) 
The STF and NTF for high order sigma-delta

modulator is given by Eq. (6):
LL ZzQZzUzV )1).(().()( 1−− −+= (6)

where L is the order of the sigma -delta modulator

3.1 Cascaded Σ∆ Modulators (MASH)
Description

Cascaded Σ∆ modulators are suitable for 
high-resolution and large-bandwidth applications
[7]. The general structure of a cascaded fourth
order Σ∆ or Multi-stAge noiSe-sHaping (MASH) 
modulator is presented in Fig. (6). The cascaded 

modulator can be obtained by interconnecting 
four delta-sigma modulators, the input is fed to a 
modulator and then the quantization error from 
this one is fed to a new modulator and so on. As 
shown in equations (1)-(5), the output of the first 
modulator is: 

)1).(().()( 1
1

1
1

−− −+= ZzQZzUzV (7) 
Feeding the (Q1) of the first modulator into 

the input of the second stage, the output of the
second stage, is:

)().1()(.)( 2
1

1
1

2 zQzzQzzV −− −+= (8) 
where Q2(z) is a quantization noise of the second 
modulator. The outputs of the third and fourth 
modulators are:
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Combining the outputs of all modulators, the 
output of the entire modulator is given by:
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where:
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The final output of the modulator is given by 
Eq. (12):

41
4

4 )1).(()(.)( −− −+= ZZQZUZZV              (12)
As equation (12) shows, the quantization 

noise of the first modulator cancels out. This 
greatly improves the reduction of quantization 
noise of the modulator.

4. Dithering Technique
Dithering in ∆J modulator is the act of 

adding a random (or pseudorandom) signal to the 
input of the quantizer (not to the modulator 
input) as shown in Fig. (6). The added random 
signal is white, it also becomes noise shaped like 
the quantization error so that the additional noise 
power in baseband is minimized. The purpose of 
dithering is to effectively decorrelate and whiten 
the quantization error [8].

5. The Description of the Proposed 
Frequency Synthesizer

Figure (7) shows the flow chart of the 
program used to design the proposed dithered 
fractional-N PLL synthesizer for WCDMA 
applications. The design parameters are listed in 
table (1), which are either selected from 
WCDMA standards or according to the result 
analysis of each unit of the proposed system.
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Fig. (6) Proposed 4th order ∆  modulator type (MASH 1-1-1-1) with dither

Fig. (7) Flow chart of the simulation program
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6. Simulation Results
6.1 Quantization Noise Simulation 
Figure (8) shows the simulation results of the 

proposed ∆Σ MASH modulator and the single 
loop 4th order modulator was designed in [9] for 
comparison. The quantization noise of fourth 
MASH ∆Σ modulator is perfectly cancelled by 
using dither technique. However, the fourth order 
∆Σ MASH is suggested to eliminate quantization 
noise and spurs. The net improvement in 
quantization noise reduction is 8 dB if compared 
with single-loop fourth order was designed in 
[9].

(a)

 (b)     
Fig. (8) (a) Simulation of quantization noise 
spectrum of the proposed 4th order (1-1-1-1) MASH 
modulator and the single loop 4th order modulator 
designed in [9], (b) Zoom-in

6.2 Phase Noise Simulation

Figure (9) shows the final simulation result of 
the 4th order MASH fractional-N synthesizer.
The broadband noise is greatly reduced 
achieving high levels of fraction spur rejection at 
the output spectrum of PLL.

(a)

(b)

Fig. (9) (a) final output spectrum of MASH (1-1-1-1) 
synthesizer for WCDMA (b) Zoom-in

The overall phase noise performance of the 
synthesizer is good as shown in Fig. (9). It meets 
the equivalent of the WCDMA requirements at 
1.965 GHz, and meets the reduced spurious goal.
Also these results show the effectiveness of the 
proposed system in reduction of the phase noise 
and spurs. As compression with [9] the net 
improvement in phase noise is 4dBc/Hz in-band,
as shown in Fig. (9). Table (2) summarizes the 
final phase noise results of the proposed ∆Σ 
fractional-N PLL compared with [9].

Table (1) The basic requirements of ∆  modulator, CP, filter, and VCO

Unit Parameters Value
order Fourth
type MASH (1-1-1-1) with dither∆  modulator

Bus size (N=accumulator bits) 26 bit
Charge-pump current 0.45 mA

Butterworth Passive
Type Two (II)Filter
order third

Corner Frequency 0.5MHz
Noise Figure 9VCO

VCO sensitivity (KVCO) 55 MHz/V
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Table (2) Summary of simulation results

Parameter Proposed system Ref. [9] Note
Output frequency 1.965GHz 1.965GHz
Loop bandwidth 200KHz 200KHz

WCDMA Spectrum

In-band phase noise 
for BW=200 KHz -96 dBc/Hz -92 dBc/Hz

The net improvement of 
noise reduction (In-band) = 
4dBc/Hz

out-band phase noise for BW=3.5 MHz -129 dBc/Hz -128 dBc/Hz
The net improvement of 
noise reduction (out-band) 
= 1dBc/Hz

Spur No spur -66 dBc/-71dBc No spur at modulator 
output due to dither. 

Reference frequency 85MHz 26MHz
Large reference frequency 
for good tradeoff with 
settling time

No. of bits (N) 26 20 Increase resolution

Resolution (fRef/2N) <10 <100

Step size or frequency 
resolution: The smallest 
frequency difference 
possible between any two 
adjacent output 
frequencies.

Σ∆ modulator  MASH 1-1-1-1 
with dither 

Fourth/five 
Single loop high-order

• Single loop high order 
unstable [8].
• MASH guaranteed 
stability [8].

Quantizer (1) bit (3-4) bit

6.3 Stability of 4th (1-1-1-1) order MASH 
fractional-N synthesizer PLL and 
Settling Time Simulation Results

Figure (10) shows simulation results of the 
open-loop frequency response. The crossover 
frequency is 384.7 krad/s and the phase margin 
is 52°. Since the phase margin is greater than 45 
degrees, the system is stable. The step response 
is performed to check the settling time of the 
PLL is below 30µsec, as shown in Fig. (11).

Fig. (10) Open-loop response of the proposed 4th

(1-1-1-1) order MASH fractional-N synthesizer

7. Conclusions
The 4th order MASH (1-1-1-1) fractional-N 

synthesizer is designed to generate 1965 MHz, 
with following main characteristics:
•  Phase noise is -96 dBc/Hz in band
• Phase noise is -129 dB/Hz out of band
• Bandwidth of system is 200 KHz
• Settling time < 30 µs

MASH modulator fractional-N technique is 
selected to WCDMA system since it has the 
following advantages:
• Short settling time 
• Step size smaller than an integer-N PLL

The quantization noise of modulator is 
perfectly cancelled by using 4th order MASH (1-
1-1-1) modulator.

Fig. (11) Step response of ∆  PLL synthesizer
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1. Introduction
Zinc oxide (ZnO), a transparent film, is very 

popularly used due to its unique optical and 
electronic properties in solar cells [1], photo 
detectors [2], light emitting devices [3], gas 
sensor elements [4], and surface acoustic wave 
guides [5]. Different chemical methods such as 
chemical bath deposition (CBD) [6,7], spray 
pyrolysis [8], successive ionic layer adsorption 
and deposition (SILAR) [9], electrodeposition
[10,11], chemical vapor deposition, vapor phase 
epitaxy, molecular beam epitaxy, RF sputtering, 
and pulsed laser deposition (PLD) [12] etc. have
been used to obtain ZnO films. Compared with 
the technologically demanding vapor deposition 
techniques, the deposition of ZnO film from 
aqueous solution represents a simple and
effective route. In addition, the solution growth 
technology is suitable to obtain stoichiometrical 
ZnO film because of its oxygen-rich deposition 
environment, which may be beneficial to the
suppression of deeplevel related luminescence 
and the enhancement of UV emission. Among 
several solution growth technologies, SILAR and 
CBD are two methods widely used to prepare 
ZnO layer from aqueous solution[13]. In SILAR 
method, a thin layer of precursor ions is adsorbed 
on the substrate first, and the solid film is formed 
via the chemical reaction between adsorbed ions
and precursor ions with opposite charge. The 
features of SILAR include the layer-by-layer 
growing mode and the separate precursor of 
anionic and cationic solutions, which makes the 
control over the deposition process fairly 
convenient. However, the very slow growth rate
and the great difficulties involved in the 
deposition of oxide films have greatly limited its 
application [14]. Therefore, it is meaningful to 
develop novel solution techniques for the 
deposition of high quality semiconductor films in 

higher growth rate [15] The CBD method is 
based on the controlled precipitation of objective 
material, i.e., the heterogeneous precipitation on 
substrate. However, the bulk precipitation in
precursor solution (i.e., the homogeneous 
precipitation) is inevitable, which will definitely 
impair the quality of obtained film. Also, the 
presence of both anions and cations in one 
reaction vessel makes it difficult to control the 
film deposition process precisely. Therefore, the 
development of novel solution growth techniques 
with higher deposition rate and higher film 
quality is greatly stressed [14].  

2. Experimental details
2.1 Substrate Preparation
Substrate used for deposition ZnO is 

microscope glass slides, which were first cleaned 
in distilled water in order to remove the 
impurities and residuals from their surfaces, 
followed by rinsing in chromic acid (for one 
day), to introduce functional groups called 
nucleation and/or epitaxial centers, which formed 
the basis for the thin films growth.

2.2. Film preparation
Films were deposited on glass slides by, 10ml 

of 0.1M (ZnSO4), 10ml of 1M (NH3) solution. 
Substrates were then immersed in a beaker 
containing the reaction mixture for (10-20) min. 
The beaker was placed in a water bath at 
temperature (80 ± 5°C). The solution was stirred 
with a magnetic stirrer as illustrated in Figure 
(1). And, it was heated with continuous stirring 
to the required temperature of deposition. 
Substrates were then taken out after a suitable 
time, they were washed with distilled water to 
remove the porous zinc oxide overlayer.
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3. Measurements
For the measurements the deposited film 

from one slide was removed carefully using HCL 
solution.

3. 1 Thickness Measurement
Zinc oxide thickness was measured by using 

an optical interferometer method employing He-
Ne laser (632nm) with incident angle 45°. This 
method depends on the interference of the laser 
beam reflected from thin film surface and then 
substrate the films thickness was determined 
using the following formula [16]

2
λ

⋅
∆

=
x
xd (1)

where x is the fringe width, ∆x is the distance 
between two fringes and λ is the wavelength of 
laser light.

Fig. (1) Experimental arrangement for the 
deposition of ZnO films

3.2 Structure measurements
The structure analysis films were carried out 

by analyzing the x-ray diffraction patterns. X-ray 
diffraction system (Lab XRD-6000/Shimadzu) 
has the following characteristics:
Source: radiation of CuKα with 1.54Å 
wavelength,
Scanning speed: (5degree/min),
Incidence angle: 10-60 degree,

The average grain size (GS) of the 
polycrystalline material can be calculated from 
the X – ray spectrum by means of Full Width at 
Half Maximum (FWHM) method (Scherer
relation) [17].

cos
AGS λ

θ θ
=

∆
(2)

where ∆θ is the full-width at half maximum of 
the XRD peak appearing at the diffraction angle 
θ, A the shape factor, the value of which depends 
on the crystalline shape, and generally it is 1

3.2. Optical measurements
Optical measurements were included 

transmittance and absorption spectra in the 
wavelength range 300-1100nm using phoenix-

2000UV-VIS spectrophotometer .The value of 
absorption coefficient (α) has been calculated by 
using the following relation [18,19]: 

d
A303.2=α (3)

where A is absorption and d is the thickness of 
the thin film

The extinction coefficient (K) was calculated 
using the following equation [20]:

π
αλ
4

=K (4)

The absorption coefficient (α) and optical 
band gap (Eg) are related by[21] 

nEghAh )( −= ννα (5)
where A is constant depending on transition, h is 
plank's constant, v is the frequency of the 
incident photon, Eg is the optical band gap of the 
material and n has different values depending on 
the nature of the absorption process, and equal to 
1/2, 3/2, 2 and 3 for allowed, forbidden of direct 
and indirect transition, respectively

The plot of (αhν)2 versus (hν) gives the best 
result. By extrapolating the liner part down to 
(αhν=0) the value of Eg could be determined.

The reflectivity was determined form the 
values of transmittance (T) and absorbance (A) 
using the relation (R+A+T=1).

The reflectance can be expressed in terms of 
optical constants, (n) and (K) as [22] follows
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3.3. Electrical measurements
3.3.1. Current-Voltage Measurements
From the curve of current-voltage the 

resistance (R) could be calculated.
The electrical resistivity of the deposited films 
was determined using the equation [23]:

A
LR ρ= (7) 

where ρ  is the electrical resistivity of the films, 
L the distance between electrodes and A the area 
of the ohmic contacts

3.3.2 Activation Energy  
The activation energy has been determined 

by using the relation [24]
( )exp /aR R E KT= o

(8)
where R in resistivity at temperature (T), R0 is 
the resistivity at room temperature, K is the 
Boltzmann´s constant and Ea is the activation 
energy
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4. Results and discussion
4.1. Growth mechanism of ZnO
The CBD is based on the formation of solid 

phase from a solution, which involves two steps 
as nucleation and particle growth. In the 
nucleation,the clusters of molecules formed 
undergo rapid decomposition and particles 
combine to grow up to a certain thickness of the 
film by heterogeneous reactions at the substrate
surface. For zinc ions aqueous solution, when the 
ion product (IP) of the solution is higher than 
solubility product (SP), the precipitation 
Zn(OH)2 occurs. It is commonly accepted that 
the degree of supersaturation (S), defined as the 
ratio of ion product to solubility product, is an 
important parameter to evaluate the precipitation 
process in aqueous solution. When S is lower 
than 1, no precipitation is formed in solution.
When S is lower than 1, no precipitation is 
formed in solution. When S is higher than 1 but 
lower than a critical value Sc, the heterogeneous 
precipitation occurs on the wall of vessel and 
substrate, because the value of S is not sufficient 
to induce nuclei in the bulk solution. When S is 
higher than Sc, a large quantity of nuclei will be 
formed in the bulk solution and the 
homogeneous precipitation occurs. Based on this 
theory, the deposition of high quality film from 
aqueous solution is to control the value of S, to 
induce the heterogeneous precipitation on 
substrates, and to suppress the homogeneous 
precipitation in the bulk solution.

In this paper, we have made full use of the 
thermal decomposition nature of [Zn(NH3)4]2+ in 
neutral aqueous solution, which will release ions 
of Zn2+ and OH- into solution and result in the 
formation of Zn(OH)2 or ZnO particles. Eqs. (9)–
(11) illustrate the chemical reactions related to 
the process.

A dynamic equilibrium exists in the precursor 
under the presence of excessive ammonia:

Zn(OH)2 + 4NH3 . H2O =
[Zn(NH3)4 ]2+   + 2OH- + 4H2O.  (9) 

 
During the reaction process in hot water,

[Zn(NH3)4]2+ complex decomposes and Zn(OH)2
precipitation forms:

[Zn(NH3)4 ]2+   + 4H2O =
Zn(OH)2(s) + 4NH4

+ +2OH- (10)

As-deposited Zn(OH)2 will transform to ZnO 
in aqueous solution at the temperature of over 
50°C [15]:

Zn(OH)2(s) = ZnO(s) + H 2O (11) 
 
During the chemical reaction process in hot 

water, with the elapse of the time starting from 

the initial immersion of substrate in water, three 
stages will occur subsequently within the liquid 
film adsorbed on the substrate surface, i.e., the 
solution stage, the heterogeneous precipitation 
stage, and the homogeneous precipitation stage. 
By adjusting the reaction time, the chemical 
reaction within the liquid film can be terminated 
in the second stage when the precipitation of 
Zn(OH)2 occurs on the substrate. Thus, the
homogeneous precipitation and the 
corresponding ‘‘ostwald’’ ripening process may 
be prevented. Then, after a series of successive 
deposition cycles, ZnO film with certain 
thickness and high quality will be produced.

4.2. Effect thickness
ZnO will be deposited if the Ionic Product 

(IP) of (Zn2+) and (OH-) exceed the Solubility 
Product (SP) of (ZnO). Figure (2) shows the 
growth kinetics of (ZnO) films with time of 
deposition at 80°C.
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Fig. (2) Variation of film thickness of ZnO film with 
deposition time

The film thickness increases linearly with 
time initially but saturates after some time at 
some terminated thickness. In the initial stages of 
growth, the thickness increases at a fast rate. 
Then the rate decreases resulting in a terminal 
thickness. The saturation behavior of the film 
thickness is because of eventual reduction in the 
ionic product of (ZnO) in the solution to values 
about the solubility product and coagulation of 
colloidal particles of (ZnO) to form larger 
particles which cannot be adsorbed.

4.3. Structure properties
The results of our structural studies of the 

ZnO films were done with x-ray diffraction 
(XRD) and show (100), (002), and (101) distinct 
diffraction peaks for the films grown in this 
study, as shown in Fig. (3).

The average grain size was calculated using 
Scherer's formula (1), the values of average 
increases with thickness of films, as shown in 
Fig. (4). Increasing of grain size may be due to 
the combined effect of increase in Zn 
incorporation, increase in growth rate and 
reorientation effect. 
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Fig. (3) X-ray diffraction of ZnO  films for different 
thicknesses
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Fig. (4) Variation average grain size with thickness

4.4 Optical Properties
Transmission spectra depend on the chemical 

and crystal structure of the films, and also on the 
film thickness and on films surface morphology.
The effect of thickness films on these spectra is 
shown in Fig. (5a). Films transmission decreases 
with increasing thickness of the films because of 
an increase of grain size as a result of increasing 
the films thickness and consequence 
transmission decreases because of an increase of 
grain size as a result of increasing the film 
thickness and consequence transmission 
decreases. While figure (5b) shows be the
influence thickness on absorbance. The 
absorbance increased with increasing in 
thickness of the films, this is due to the 
increasing in the thickness of deposited films. 
The data from transmission spectrum are used to 
calculate absorption coefficient by using Eq. (3). 
The effect of thickness films on reflectance 
spectra is shown in Fig. (5c).

The absorption coefficient decreases with 
increasing the deposition time and this attributed 
to the effect of the thickness. The energy gap 
(Eg) value is calculated by extrapolation of the 
straight line of the plot of (αhν)2 versus photon 
energy for thickness as shown in Fig. (7).
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Fig. (5) transmittance (T), absorbance (A), and 
reflectance (R) as function of wavelength under 
different thicknesses
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The linear dependence of (αhν)2 with (hν)
indicates direct band gap. It is clear from Fig. (7) 
that the direct energy gap value is constant for 
different thicknesses and equal 3.27eV and 
These results are consistent with other published 
results such as results of Y. Kwon et al [25].
Variation of the extinction coefficient with 
wavelength is shown in Fig. (8) for different
thicknesses shows a steep relationship indicating 
sharp increase in the absorption with increasing 
wavelength and.
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Fig. (8) variation of the extinction coefficient (K) for 
function of wavelength for different thicknesses.

Studying the refractive index will complete 
the fundamental study of the optical properties 
and optical behavior of the material. Figure (9) 
shows the variation of refraction index of ZnO 
with wavelength and .These results are consistent 
with other published results such as results of Al-
Shareefi [26]. 
 

4.6 Electrical properties
Electrical resistivity measurement was done 

on the samples and was found to be increasing 
with increase thickness. Figure (10) depicts the 
variation of resistivity with thickness, it is clear 
that resistivity increases with thickness is 
noticed. More probably the increasing in 
resistivity is due to change in average grain size 
which we have already studied These results are 

consistent with other published results such as 
results of Al-Jawad  et al. [27]. 
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Figure (11) shows the relationship between 
lnρ and 1000/T for ZnO films, from which we 
calculate the activation energy Ea using Eq. (8). 
The activation energy depends on the thickness 
and it will be increasing with increasing 
thickness as illustrated in Fig. (12).

5. Conclusion
Zinc oxide thin films have been deposited by 

CBD on glass substrates. The electrical, 
structure, and optical properties of these films 
were investigated as a function of the thickness. 
Electrical resistivity decreasing with decreasing 
thickness, optical transmittance was much 
affected by thickness where it increasing with 
decreasing thickness.
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1. Introduction
Due to extensive applications in solid-state 

devices and future prospects, chalcogenide 
glasses have received much attention in recent 
years. A good device is one that is of low cost, 
fast, accurate and easy to use. Amorphous 
selenium has been emerged as promising 
material because of its potential technological 
importance. It is widely preferred in the 
fabrication of electrophotographic devices and, 
more recently, switching and memory devices [1, 
2] have found selenium-based materials to offer 
attractive advantages. The use of chalcogenide 
films for reversible optical recording by the 
amorphous-to-crystalline phase change has 
recently been reported [3]. 

Silver-containing chalcogenide glasses are 
considerable interest for applications in optical 
recording and as solid electrolytes. Therefore, the 
knowledge of optical, electrical, and structural 
properties of Ag-chalcogenide amorphous 
materials is of essential importance. The 
AgSbTe2 [4], AgSbS2 [5], and AgInSbSe2 [6] 
systems have been previously studied, however, 
very little work concerning the optical and 
electrical properties of AgSbSe2 have been 
presented [7-9]. In the present work, a systematic 
study of the structure and optical properties of 
thermally evaporated AgSbSe2 thin films 
annealed at different temperatures has been 
studied. The effect of thermal annealing on the 

refractive index, high frequency dielectric 
constant (ε∞), and carrier concentration to the 
effective mass ratio (N/m*) were presented.

2. Experimental details 
Polycrystalline ingot of the ternary AgSbSe2 

compound was prepared by the direct fusion of a 
mixture of the constituent elements in 
stoichiometric ratio, and purity 99.999%, in 
vacuum-sealed silica tube.  Thin films were 
deposited by conventional thermal evaporation 
of the presynthesized material onto precleaned 
glass substrates held at room temperature, in 
~1.5×10-3Pa vacuum using a high vacuum 
coating unite (Type Edwards 306A). The 
structural characteristics of the prepared ingot 
material as well as the as-deposited and annealed 
AgSbSe2 films were examined by means of an 
X-ray diffractometer (Type Philips X’pert) with 
Ni-filtered CuKα radiation operating at 35kV and 
100 mA. The chemical composition of the as-
deposited films was identified using energy 
dispersive X-ray unit interfaced with a scanning 
electron microscope (Type JEOL-JSGM-T200).  
The microstructure of the as-deposited and
annealed films was also examined using 
Transmission electron microscope (Type JEOL-
JSGM-T1230). Double beam spectrophotometer, 
with automatic computer data acquisition (Type 
Jasco, V-570, Rerll-00, and UV–VIS–NIR), 
photometric accuracy of ±0.002–0.004 
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absorbance and ±0.3% transmittance, was 
employed at normal light incidence to record the 
optical transmission and reflection spectra of the 
as-deposited and annealed films over the 
wavelength range 600–2500 nm. The thickness 
of the deposited films was from the interference 
fringes [10].

3. Results and discussions 
3.1 Structural characterization 
The X-ray diffractgrams of the prepared 

AgSbSe2 bulk material as well as the films 
annealed at different annealing temperatures, Ta
are shown in Fig. (1). Comparing the reflection 
planes of Fig. (1a) with the standard XRD data 
(JCPDS cards no 12-0379), indicates that all the 
reflection planes can be indexed to the cubic 
phase of the ternary compound AgSbSe2 with a 
cell parameter a=0.578nm. No reflections 
corresponding to any of the free elements or 
binary alloys were observed. 

Fig. (1) X-ray diffraction pattern of  (a) the prepared 
AgSbSe2 powder and (b) annealed films (of 
thickness 780 nm)

The XRD analysis, carried out on the as-
deposited films (not given) and those annealed 
for 1 hour in an Ar atmosphere at annealing 
temperatures Ta<343 K are amorphous in nature, 
while those annealed at Ta≥373 K are crystalline. 
Analysis the XRD diffraction pattern of the films 
annealed at Ta≥373 K indicates that the film 
contains two peaks at 2θ=30.97° and 44.39°, 
respectively, corresponding to reflections from 
(200), (220) planes of AgSbSe2 single cubic 
phase. However, the XRD pattern for the film 
annealed at 398 K shows small diffraction peaks 
at 2θ=33.52°, 40.41° and 55.05°, respectively, 
corresponding to reflection from the (112), (122), 

and (514) planes, which belongs to the binary 
Ag2Se, Sb2Se3 phases, beside AgSbSe2 as a 
major phase.

Transmission electron micrographs of as-
deposited AgSbSe2 films, and those annealed at 
Ta≤343 K showed no discernible structure (See 
Fig. 2). The corresponding diffraction patterns 
exhibited diffuse rings confirming the 
amorphous nature of the films as revealed by X-
ray diffraction. On the films beinge annealed at 
Ta≥373 K, a distinct structure was observed in 
the transmission mode. The corresponding 
selected area diffraction shows crystallization of 
the films, as identified previously via X-ray 
diffraction analysis.

Fig. (2) TEM micrograph and the corresponding 
electron diffraction pattern of the annealed AgSbSe2
film. Film thickness 70 nm

Figure (3) shows the EDX spectra for a 
typical representative sample of AgSbSe2 films 
deposited onto glass substrate.

Fig. (3) EDX spectra of AgSbSe2 film deposited onto 
glass substrate. Film thickness 780 nm

The result indicates that the chemical 
composition of AgSbSe2 films had elemental 
composition of 24.08:23.86:52.05 corresponding 
to Ag: Sb: Se, which indicating a deficiency in 
Ag (~0.92 at%) and Sb (~1.14 at%) with an 
excess of Se (~2.05 at%) hence, led to consider 
that the as-deposited film had a chemical formula 
Ag0.963Sb0.954Se2.082, revealing a nearly 
stoichiometric composition. A comparison 
between the elemental chemical compositions of 
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the prepared bulk material, as-deposited films, 
and the calculated values are shown in the inset 
of Fig. (3). 
 

3.2 Optical properties of AgSbSe2 films
Figure (4) shows the transmission spectra of 

as-deposited AgSbSe 2 film of thickness 780 nm 
and another samples of the same film thickness 
annealed in Ar atmosphere for 1h, at annealing 
temperatures 343, 373 and 398 K.  It was found 
that the absorption edge shifts towards lower 
energies as the annealing temperatures increases. 
Furthermore, the transmission was found to 
decrease with the increasing in the annealing 
temperatures.
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Fig. (4) Transmission spectra of AgSbSe2 thin films 
annealed at different temperatures

The refractive index, n, film thickness and the 
order of interference of the investigated films 
were computed from the transmission spectra 
using the well-known Swanepole method [10] 
with s=1.51 (substrate refractive index). The sets 
of values of refractive index calculated according 
to the above mentioned method can be fitted to a 
reasonable function such as the two-term Cauchy 
dispersion relationship; n(λ)=a+b/λ2; ( where a
and b are the Cauchy parameters) which can be 
used for extrapolation the refractive index to 
shorter wavelengths. The refractive indexes, n of 
AgSbSe2 films annealed at different temperatures 
are shown in Fig. (5). 

As could be seen from the figure, the 
refractive index decreases with increasing 
wavelength and increases on increasing the 
annealing temperature. Wemple and 
DiDomenico [11] have developed a model where 
the refractive index dispersion is studied in the 
region of transparency below the gap, using the 
single-effective oscillator approximation. 
Defining two parameters, the oscillator energy, 
Eo and the dispersion energy Ed this model 
concludes that:
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Fig. (5) spectral distribution of refractive index, n 
for as-deposited and annealed AgSbSe2 films

Both Wemple parameters can be obtained 
from the slope and intercept of the plot 

)()1( 212 Efn =− −  with the y-axis as shown in 
Fig. (6).
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Fig. (6) plot of (n2-1)-1 vs. photon energy

The values of Wemple-DiDomenico 
dispersion parameters, Eo, Ed static refractive 
index, no (calculated extrapolating the Wemple-
DiDomenico optical-dispersion equation to, 
E→∞; (no= 1+Ed/Eo) as well as static dielectric 
constant, εs for the AgSbSe2 films annealed at 
different temperatures are listed in Table  1. The 
oscillator energy Eo is related by an empirical 
formula to the optical gap value: Eo≈2Eg [11]. 
The calculated values of the optical band gap are 
also presented in Table1. 

Table (1) Refractive index dispersion parameters

Ta

(K)
Ed

(eV)
E0

(eV) n0 εεεεs
Eo/2≈Eg

(eV)
Eg

ind.

(eV)
303
343
373
398

13.673
13.923
14.632
14.907

2.204
1.885
1.766
1.716

2.684
2.896
3.047
3.112

7.202
8.386
9.285
9.687

1.102
0.943
0.882
0.851

1.160
1.081
0.966
0.930

The obtained refractive index data can be 
further analyzed to obtain the high frequency 
dielectric constant via a procedure that describes 
the contribution of the free carriers and lattice 
vibration modes of the dispersion. The optical 
dielectric constant of AgSbSe2 films was 
calculated using the relation [12]. 
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212
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where ε1  and ε2  are the real and imaginary parts 
of the dielectric constant. The values of ε1 and ε2
for different incident photon energies can be 
obtained from the values of n and k ( παλ 4=k )
using the well-known relations:

22
1 kn −=ε , nk22 =ε (3)

Since the reflectivity of a semiconductor in 
the NIR region shows anomalous dispersion as 
the incident photon energy approaches the 
corresponding value of plasma wavelength, λp. 
When n2>>k2 and 1<<ωτ . The real dielectric 
constant can be expressed as [13]:

)][( 22
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where εL is the lattice dielectric constant (or 
limiting value of the high frequency dielectric 
constant), ωp the plasma frequency and ω is the 
angular frequency (=2πc/λ, c is the speed of 
light) of the lattice atoms, e is the electronic 
charge, N/m* carrier concentration to the 
effective mass ratio, and εo is the dielectric 
permittivity 8.85×10-12 F/m.  Therefore, plotting 
ε1 vs. ω-2 in the NIR spectral region (not shown) 
allow us to determine the values of the plasma 
frequency, ωp and lattice dielectric constant, εL
from the slope and intercept, respectively. These 
calculated values  are listed in Table (2). The 
observed disagreement between the values of 
static dielectric constant obtained according to 
Wemple and DiDomenico single-effective 
oscillator model and lattice dielectric constant 
obtained according to Eq.3 may be attributed to 
the contribution of the free carriers to the 
refractive index [14].

Table (2) values of εεεεL, n , ωωωωp and N/m*

Ta (K) εεεεL n=(εεεεl)1/2 ωωωωp
(×10-15  s-1)

N/m*
(×1022.cm-3)

303 7.983 2.825 4.39 1.04
373 9.694 3.157 7.51 1.48
398 11.009 3.318 9.19 1.66
423 11.464 3.386 9.46 1.73

The analysis of the absorption coefficient, α
at the fundament absorption edge was found to 
follow the relation; 
( ) p

gEA )( −×= ννα hh (5) 
where A is constant and the exponent p 
characterize the type of the optical transition. A 
plot of (αhv)1/2 for as-deposited film and for 
those annealed at 343 and 378 K (shown in Fig.
8a) indicates a non direct optical transition with 
energy values 1.16, 1.08 and 0.97 eV, 
respectively. However, the analysis of the 

absorption coefficient for the film annealed at 
398 K (Fig. 8b) indicated the presence of both 
direct and indirect optical transition with values 
of 0.96 and 0.93 eV, respectively.

Fig. 7 a, b (a) plot of (ααααhv)1/2 for the as-deposited 
film and those annealed at 343 and 373 K vs. 
photon energy; and (b) plot of  (ααααhv)2 and (ααααhv)1/2

for the film annealed at 398 K vs photon energy.

4. Conclusion
Nearly stoichiometric AgSbSe2 thin films 

were deposited at room temperature by thermal 
evaporation onto glass substrates. The X-ray and 
electron diffraction studied revealed that the as-
deposited films and those annealed at 
temperatures <373K are amorphous in nature, 
while an amorphous-to-crystalline phase 
transtion could be obtained for the films 
annealed at temperatures ≥373K. Onset of 
mainor peaks corresponding to Ag2Se and Sb2Se3 
binary phases, beside the ternary AgSbSe2 as a 
major phase were obtained when the film being 
annealed at 398K. The effect of annealing 
temperature on the refractive index, high 
frequency dielectric constant (ε∞), and carrier 
concentration to the effective mass ratio (N/m*) 



Iraqi Journal of Applied Physics

ISSN 1813-2065 © All Rights Reserved Printed in Iraq 21

were presented. The refractive index and 
consquently the high frequency dielectric 
constant were found to increase with the increase 
in the annealing temperatures. The analysis of 
the optical absorption coefficient for the 
deposited films reveald the presence of a non 
direct optical transition  for as-deposited and 
those annealed at 343 and 373 K, while a direct 
and non direc optical transition for the film 
annealed at 398 K. 
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1. Introduction
In response to the requirements of 

development and industrial progress which is 
moving toward improving the performance of the 
product in terms of design, manufacturing and 
low cost. In the field of radiation protection the 
shielding materials protected from gamma 
radiation, such as concrete, lead, requires large 
blocks and then high costs. So the composite 
material help to solve the problem of shielding, 
these composite material have properties of 
multiple commensurate with many industrial 
applications. Due to their property, that combines 
characteristics of two or more by passing the 
misdeeds of each material, in addition, it has the 
ability to control their properties, both by the 
type and ratios of component materials or 
through the design and methods of manufacture, 
therefore these materials regarded an important 
material among different engineering materials. 

In principle, one's dose in the vicinity of an 
external radiation source can be reduced by 
increasing the distance from the source, by 
minimizing the time of exposure, and by the use 
of shielding. Distance is often employed simply 
and effectively. For example, tongs are used to 
handle radioactive source in order to minimize 
the dose to the hands as well as the rest of the 
body. Limiting the duration of an exposure 
significantly is not always feasible, because a 
certain amount of time is usually required to 
perform a given task. Sometimes, though, 
practice runs before-hand without the source can 
reduce exposure times when an actual job is 
carried out [1].

While distance and time factors can be 
employed advantageously in external radiation 
protection, shielding provides a more reliable 
way of limiting personal exposure by limiting the 
dose rate. In principle, shielding alone can be 

used to reduce dose rates to desired levels. In 
practice, however, the amount of shielding 
employed will depend on a balancing of practical 
necessities such as cost and the benefit expected, 
where ceramic available cheap and friend for 
environment.

The thickness of the shielding required for 
attenuated the gamma photons depends on the 
geometrical arrangement for the source and the 
detector which is used to detect the shielded 
beam (I) and the initial beam (Io ) or depend on 
the buildup factors which are depends on the 
geometry arranges.

When gamma radiation is incident on a finite 
thickness of material, there exist some 
probabilities that the radiation will interact in the 
material and be attenuated. In some instances a 
photon may interact by the photoelectric effect, 
Compton scattering and pair production. Any of 
the common gamma interaction processes may 
result in secondary photons that have a finite 
probability of reaching the dose point of interest 
- inside or outside the attenuating materials.

The extent to which such secondary photons 
add to the flounce at the dose point is usually 
described as build up factors [2]. 

The buildup factor is defined by the ratio of 
the total radiation quantity at any point to the 
radiation quantity of radiation reaching the point 
without any collision. Many theoretical formula 
of building up factors were presented for the 
interpolation at arbitrary thickness of shielding 
materials. In the formula, the geometrical, 
progression approximation is well known to 
produce the buildup factors in the wide energy 
range of various materials and thickness with 
good accuracy. [3]

Buildup factors for monoenergetic source in 
infinite media have been calculated several times 
for various materials in the past 50 years, [4-7], 
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however, only a few experimental results are 
known.

Therefore this work presents the buildup 
factors for (Ceramic and Leads) up to 5 mean 
free path (mfp) for (0.662 MeV photons) by 
using experimental work.

2. Theory
When a narrow parallel of photons passes 

though relatively thin shield, Fig. (1), the relative 
intensity of monoenergetic photons transmitted 
without interaction through a shield of thickness 
is:

xe
I
I µ−=
0

(1)

where I and I0 are the shielded and initial beam
intensities, respectively, µ is the linear 
attenuation coefficient (in cm-1), and x is the 
shield thickness in (cm)

Fig. (1) Measurement of the attenuation of gamma 
radiation under conditions of good geometry

Ideally, the beam should be well collimated, 
and the source should be as far away as possible 
from the detector. The absorber should be 
midway between the source and the detector, and 
it should be thin enough so that the likelihood of 
a second interaction between a photon already 
scattered by the absorber and the absorber is 
negligible. In addition, there should be no 
scattering material in the vicinity of the detector

The linear attenuation coefficient can be 
considered as the fraction of photons that interact 
with the shielding medium per centimeter of 
shielding. It is also known as narrow beam 
conditions because the source and detector are 
assumed to be collimated and the measurement 
made at a short distance [8]. 

If the incident beam is broad (as shown in 
Fig. 2), then the measured intensity will be 
greater than that described by Eq. (1) because 
scattered photons will also be detected. Such 
conditions usually apply to the shields required 
for protection from gamma-ray sources. The 

increased transmission of photon intensity over 
the measured in good geometry can be taken into 
account

xBe
I
I µ−=
0

(2)

where B is the buildup factor for one energy at 
the shield thickness x

Fig. (2) Gamma radiation attenuation under 
conditions of broad beam geometry showing the 
effect of photons scattered into the detector

This formula attempts to estimate the correct 
number of scattered photons that reach the 
detector (closest estimate) by using a correction 
factor to add in the Compton scatter and pair 
production photons that are ignored by the linear 
attenuation coefficient formula. Therefore, the 
value of B can be obtained by dividing Eq. (2) by
Eq. (1).

3. Experiment
Figure (3) shows the block diagram for the 

electronic system which used in this study and its 
consists of the following units: scintillation 
detector NaI(Tl) with dimensions 2˝×2˝, 
preamplifier (ORTEC) and MCA.

The materials which used as absorbers are 
blocks from lead material and ceramics slabs. 
Ceramic slabs made from Iraqi Flint clay 
consists mainly from alumina and silica, table (1) 
shows the chemical composition for Flint. The 
ionic alumina bonds absorbed gamma ray energy 
more than others bonds.

These slabs were shaped by hydraulic 
pressing with spherical die, then sintering with 
temperature by kiln at 1200°C have density (1-
1.47) gm/cm3, thickness (3.1-4.55) mm with 
diameter (4.1-4.98) cm.

The radioactive source was used in this study 
is disc shape of Cs-137 which emits gamma 
photons of 0.662 MeV energy and the activity is 
20 µCi.

Table (1) Chemical composition for Flint

Mineral SiO2 Al2O3 Fe2O3 TiO CaO MgO Na2O K2O L.O.I

Percent 47 34 0.5 2 0.6 0.3 0.46 0.09 15



Iraqi Journal of Applied Physics

ISSN 1813-2065 © All Rights Reserved Printed in Iraq 25

Fig. (3) The block diagram of the Electronic detection system

4. Results and Discussion
In the case of carrying out the shielding 

calculation for the radiation-shielding ceramic 
plates, a lead equivalent is generally used. In 
other words, first, the transmission of lead should 
be revealed. The data of transmission and build-
up factor B of lead and ceramic is described in 
table (2). 

Figures (4) and (5) show the relationship 
between ln I/Io versus the thicknesses of slabs of 
ceramic and lead, from Fig. (4), the linear 
attenuation coefficient for ceramic was obtained 
(0.0966 cm-1), and from Fig. (5), the 
experimental attenuation coefficient for lead was 
obtained (1.0244 cm-1). 
 

Fig. (4) Logarithm of the intensity versus thickness 
of ceramic for good and bad geometry

Fig. (5) Logarithm of the intensity versus thickness 
of lead for good and bad geometry

Table (2) values of mean free path, counts rate per 
(1000) s, for good and bad geometry and build up 

factors, for lead and ceramic materials

Lead
µx 
Experimental

µx 
Theoretical

N Bad N Good
Buildup
Factor

0 0 53285 5859 1.0000
0.484 0.554 32655 2927 1.2267
0.968 1.109 24404 1859 1.4434
1.452 1.663 16167 1142 1.5566
1.936 2.217 10983 672 1.7970
2.420 2.772 7171 433 1.8210
3.073 3.324 4937 247 2.1980
4.098 4.436 2255 89 2.7840

Ceramic
µx 
Experimental

N Bad N Good
Buildup
Factor

0 53285 5859 1.0000
0.390 37385 3203 1.2834
0.946 23120 2031 1.2517
1.200 18928 1385 1.5027
1.932 12175 803 1.6666
2.898 5844 305 2.1071
3.864 2805 116 2.6588
4.154 2250 87 2.8436

For comparison between this work and 
theoretical calculated, the values of theoretical 
linear attenuation coefficient for lead for 0.662 
MeV energy obtained from [7] Fig. (6) (1.108
cm-1). The percentage error ratio of attenuation 
coefficient for lead is 7.5%.

Fig. (6) Mass attenuation coefficients for lead as a 
function of photon energy [8] 
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Fig. (7) Buildup factors, B in lead and ceramic as 
function of the number of relaxation lengths, µx

5. Conclusions
The first object of the present work is to 

provide a radiation-shielding ceramic capable of 
ensuring appropriate lightness and easier to
dealing with it in radiotherapy, in addition to 
ensuring sufficient radiation-shielding ability. In 
other words, it is extremely important that the 
radiation-shielding means for the therapy ensures 
sufficient radiation-shielding ability and 
sufficient relaxability to prevent the body from 
directly being exposed to gamma rays while a 
doctor precisely confirm the complexion or the 
like of the subject

For the shielding performance, a plate 
thickness at which the transmission of the 
ceramic and the transmission of lead against a 
direct ray become equal is represented by a 
parameter of a lead equivalent. If the gamma ray 
(direct ray) of the ceramic of 10mm in thickness 
has a gamma-ray attenuation rate of 50% and 
lead of 3mm in thickness has a gamma-ray 
attenuation rate of 50%, then the ceramic of 

10mm in thickness has a shielding ability of 
3mm Pb (3mm equivalent), Fig.(7).

Therefore the ceramic material can be used as
shielding barrier or a shielding protection screen 
against gamma rays. It is the actual condition 
that a matter of how to optimize the basic 
composition of ceramic for properly shielding 
the gamma rays emitted from the subject and for 
properly lightness, cheaper, available material 
and friend of environment to use it in the 
therapy. 

Acknowledgment
Author would like to thank Assistant 

Professor Asia Al-Mashhadani for her valuable 
reviewing and remarks on this work.

References
[1] J.E. Turner, “Atoms, Radiation and 

Radiation Protection”, Wiley–VCH Verlag 
GmbH & Co. KGaA (2007).

[2] M.D. Bethesda, National Council on 
Radiation Protection and Measurements. 
Radiation Protection for particle accelerator 
facilities. NCRP; Report No.144 (2003)

[3] H. Hirayama, J. Nucl. Sci. Technol., 32
(1995) 1207.

[4] M. Mahmoud, Nucl. Sci. Eng., 67 (1978) 
341-343 (1978).

[5] H.J. Shian, Nucl. Sci. Eng., 75 (1980) 16-29.
[6] P. Jacob, H.G. Paretzke and J. Wolfel, Nucl. 

Sci. Eng., 87 (1984) 113-122.
[7] M.M. Chiles, G.W. Allin and J.V. Pace, 

IEEE Xplore (2011). 
[8] J.H. Hubbell, Int. J. Appl. Radiat. Isot., 33

(1982) 1269-1290.
_____________________________________________________________________________________



Iraqi Journal of Applied Physics

ISSN 1813-2065 © All Rights Reserved Printed in Iraq 27

Lina Zhukov

Luminescence 
Characterization of the
Bio-Conjugated Quantum 
Dots with CA125 Antigen 
Using Linkage Molecules

Institute of Semiconductor Physics,
National Academy of Sciences,

Kiev, Ukraine

Ovarian cancer is the most lethal gynecologic malignancy. This largely reflects the 
fact that approximately 75% of cases are detected at advanced stages of disease, when 
cure is unlikely. It is accepted that detecting a greater number of patients with early 
stage disease by improving screening modalities could significantly improve overall 
survival. A novel approach to increase the sensitivity and specificity of early detection 
of cancer is through the application of nanotechnology, where luminescent 
semiconductor quantum dots (QDs) are conjugated with biomolecules. We report on 
the luminescence characterization of the bio-conjugated QDs with CA125 antigen 
using linkage molecules. Kinetic curves of the bio-conjugated 655nm QD 
luminescence show both photo-enhancement and photo-degradation. Photo-
enhancement is measured at various laser density power, temperatures and laser 
wavelengths. The mechanism of the PL enhancement is discussed.
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1. Introduction
Ovarian cancer causes more deaths each year 

among North American women than any other 
gynecologic cancer. The poor survival rates are 
largely a reflection of the fact that over 70% of 
patients are diagnosed with advanced (stage 
III/IV) disease when 5-year survival rates are 
less than 20%. This contrasts dramatically with 
the 80-90% 5-year survival rates associated with 
patients diagnosed with Stage I or II ovarian 
cancer.  Unfortunately, no good screening tests 
for ovarian cancer are available. Given our 
limited understanding of the pathogenesis of 
epithelial ovarian cancer and consequent 
difficulty in identifying women at high-risk for 
development of the disease, there is a great need 
to establish and translate novel strategies for 
early detection. Recent discoveries in the 
molecular biology and molecular genetics of 
ovarian cancer coupled with technological 
development in the area of nanotechnology 
afford an unparalleled opportunity to make 
radical advances in this arena. 

To date, detection of the secreted tumor 
marker CA125 is the only biomarker available 
for screening and therapeutic monitoring, 
however it has limited sensitivity (70%). A novel 
approach to increase the sensitivity and 
specificity of early detection of cancer is through 
the application of nanotechnology, where 
luminescent semiconductor quantum dots (QDs) 
are conjugated with biomolecules [2]. 
Bioconjugation of QDs, i.e. the attachment of 
specific ligands to them, represents the 

convolution of biotechnology and 
nanotechnology yielding hybrid materials, 
processes and devices. In a case of early cancer 
detection this approach offers the potential to 
detect molecules in biological samples at levels 
below 10-7 [3]. We conjugated in this work core-
shell CdSe/ZnS luminescence QDs with 
monoclonal mouse anti- CA125 antibody (AB) 
as a potential serologic assay. Among different 
monoclonal antibodies potentially available for 
CA125 detection, we have selected OC-125 for 
QD-bioconjugation because it recognizes the 
defined peptide epitope of the target and can be 
compared with accepted clinical assays.  

Nanometer-scale II-VI compound 
semiconductors known also as quantum dots 
(QDs) represent zero-dimensional structures 
where exciton wave function is confined in three 
dimensions. This QD’s property creates unique 
optical charcateristics such as spectral tunable 
photoluminescence (PL) output with external 
quantum efficiency in the range of 30 to 50% in 
surface passivated core-shell compounds [1]. 
Recent improvements in the synthesis of core-
shell QDs with the polymer coating show a 
promise of their wide applications as bio-
luminescence markers [2,3]. Tunable wavelength 
emission of the luminescence QDs was achieved 
from a variety of the inorganic semiconductors, 
predominantly of II-VI compounds such as 
CdSe, CdTe, CdS, etc. To obtain a noticeable 
quantum efficiency of the QD luminescence the 
core-shell structures can be effectively designed 
in a form of colloidal particles. A successful 
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example represents CdSe/ZnS core/shell 
coupling, where large band-gap material (ZnS) 
serve as a surface passivating layer and as a 
barrier assisting the electron-hole confinement in 
the CdSe core [4]. A stability and efficiency of 
the QD luminescence is a critical aspect.

2. Photoluminescence (PL) System
The PL spectroscopy was performed between 

80K and room temperature, using a 50mW HeCd 
laser line at 325 nm or 200mW Ar+ laser line at 
488 nm as the excitation sources. Laser power 
density varied by use of a set of calibrated 
neutral density filters and could be focused down 
to 100 microns spot. At low intensity 
measurements the laser beam was un-focused 
with approximately 1.5 mm laser spot diameter 
at the sample surface. The PL signal was 
collected by optics, dispersed by a SPEX 500M 
spectrometer and recorded by a photo multiplier 
tube coupled with a lock-in amplifier. All system 
is computer controlled. 

2.1 Anitigen Detection
CA125 assay was determined by using the 

OC125 mouse monoclonal antibody (Mab) 
(DAKO Cytomation, Carpinteria, CA), as the 
detector antibody. These Mabs were produced 
using lymphocytes from a mouse immunized 
with OVCA 433, a cell line derived from a 
papillary serous cystadenocarcinoma of the 
ovary [4]. We also utilized a biotinylated capture 
antibody, designated as anti-epithelial ovarian 
carcinomas (Biomeda, San Francisco, CA).  This 
binds mucin-like glycoprotein molecules 
containing OC125 defined antigen, similar to 
mouse monoclonal M1 1 clone [5]. 

The samples, standards and controls and 
biotinylated capture antibody were incubated in 
the microtiter streptavidin-coated black plates 
from Thermo Electron (Milford, MA). The 
OC125 mouse Mabs were pre-labeled with QDs 
655 goat-F(ab’)2 anti-mouse IgG conjugate 
before applying to the bound (captured) antigen 
in the solid phase well. The molar ratio 6:1 of 
Fab-QDs 655 to labeled antibody molecule was 
found sufficient to get strong PL signal from the 
labeled complex. These experimental findings 
are consistent with our previous experience in 
the application of alternative Zenon antibody 
labeling method for lung cancer biomarkers 
evaluation [6], in which specific antibodies were 
directly labeled with isotype specific Fab 
fragments conjugated with Alexa Fluor dyes 
(Molecular Probes, Eugene, OR).  Following 
incubation time with QDs- pre-labeled antibodies 
and washing steps the plates were read according 
to emission spectra for the tested QD-
bioconjugate (see spectra below).  

We used as a reference standard the serial 
dilution of human CA125 antigen of high purity 
grade (Research Diagnostics, Inc., Flanders, NJ).  
Control wells either lacked antigen or contained 
QDs 655-Fab only (without antibody). The 
plasma samples from cancer patients were 
assayed using the reference ELISA kit for 
measurement of CA125 (Biomeda). The 
reportable (dynamic) range of CA125 detectable 
by the Biomeda assay is 0 to 500 U/ml, which
reflects the physiological range of CA125 in 
blood.   These standards were used to generate a 
calibration curve, which is depicted as the fitted 
line (in red) in Fig. (1).  Two blood samples with 
the lowest and highest CA125 levels (blue dots) 
were then assayed using PL method, in which 
OC125 mouse Mab was labeled with QDs 655 
(described above). These results show strong 
concordance of QD 655 assay with reference 
CA125 measurement (see Fig. 2).

Fig. (1)  Concentration of CA125 (U/ml) in cancer 
plasma samples used in the PL study measured 
using standard ELISA methodology

3. Results and Discussion
Commercially available CdSe/ZnS polymer 

coated quantum dots from Quantum Dot Corp. 
were used [8]. A sample of the Qdot 655 Goat 
F(ab')2 anti-Mouse IgG conjugate in a form of a 
mm-size spot was dried on a polished surface of 
the crystalline silicon substrate to achieve low 
level of the scattered light. One dried spot 
contained 2 µl of QD’s bio-conjugate diluted 
with phosphate buffer (PBS) in the 1:50 volume 
ratio. Bio-conjugated samples contained Qdot 
655 F(ab')2 complex fragment conjugated to 
OC125 detector antibody that recognizes CA125 
anti-gene molecule, used in early stage detection 
of ovarian cancer. Some experiments were done 
on QD – F(ab')2 – OC125 bio-conjugate structure 
before attachment to CA125 anti-gene molecule.

(a) Photoluminescence transient [7]
PL spectrum of the CdSe/ZnS quantum dots 

in the range of 0.73-3.54 eV (350-1700 nm) 
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exhibits only one prominent luminescent band 
with the maximum at 1.89eV (655 nm) and half-
width of 0.09eV at room temperature (Fig. 2).

Fig. (2) PL spectrum of the CdSe/ZnS quantum dots 
in the range of 0.73 to 3.54 eV (350 to 1,700 nm)

When temperature is decreased the PL 
maximum shows a narrowing and “blue” shift 
following the temperature band-gap variation of 
the bulk CdSe, which is described in Fig. (1) by a 
solid line using Varshni equation.

The following observations were depicted 
based on the transient PL study. 

(1)  PL photo-enhancement amplitude can be 
quite substantial spanning the range from 10% 
up to 5-fold with respect to the initial 
luminescence intensity.

(2) The enhancement effect is observed both 
at 325nm (HeCd) or 488nm (Ar+) laser 
excitation. The enhancement rate is increased 
(time constant reduced) at higher excitation 
power density as illustrated in (Fig. 3).
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Fig. (3) Photoluminescence spectrum of the 
CdSe/ZnS quantum dots as a function of time

(3) If the sample subjected to UV exposure 
was held in dark for definite time, the
enhancement effect can be either recovered back 
which is assigned to reversible enhancement 
(RE) and the kinetics can be repeated again, or 

the effect can exhibit non-reversible 
enhancement (NRE) and show no recovery at 
room temperatures for at least over night sample 
storage. Typically RE and NRE occur 
simultaneously (Fig. 4)

Fig. (4) Photoluminescence spectrum of the 
CdSe/ZnS quantum dots vs. the time rated signal of 
excitation

(4) Both RE and NRE kinetics are thermally 
activated meaning that they are substantially 
slowed down when temperature decrease. 
Specifically, the RE time constant (τRE) yields 
ten’s of minutes at 300K and its transient kinetics 
is no longer observed below 240K. 

(5) The PL spectrum measured at room 
temperature before and after enhancement 
completed shows no noticeable variation of the 
peak position and the half-width.  

(b) Silicon Substrate
With the goal of increasing sensitivity of the 

screening test for ovarian cancer by detecting 
low levels of CA125 and in reducing background
to zero over a broad spectral range, a Si substrate 
was used in place of the commercially available 
plastics used in standard immunosorbent assay.

A Si wafer as a substrate shows negligible 
scattered signal in a broad visible spectral range 
from 350 to 725nm, making it ideal for use in 
quantum dot optical multiplexing. Figure (5) 
shows the comparison between some common 
plastics used in ELISA plates compared to Si 
wafer. 

The samples in Fig. (6) were deposited and 
mapped on Si wafer for better signal/noise ratio. 
Using a Si surface allows for the detection of 
very low levels of PSA. Samples were mapped at 
the 665nm wavelength in the maximum of the 
QD PL spectrum. In Control 1 total PSA level = 
2.8-5.2 ug/L which can be classified as 
ultrasensitive by standard clinical PSA assay. 
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Fig. (5) the comparison between some common 
plastics used in ELISA plates compared to Si wafer

Fig. (6) Mapping of the prepared samples at the 
665nm wavelength in the maximum of the QD 
photoluminescence spectrum

4. Conclusions
QD luminescence biomarkers are detected 

within the physiological range in plasma. 
Application of Quantum Dot bioconjugates 
allowed us to detect antigens below limits of 
standard tests used in clinics. The use of Silicon 

as a substrate instead of plastics allowed to 
further lower the limit of detection of antigen. It 
also lays the groundwork for a multiplexed 
biomarker panel by reducing background noise 
over the entire area of interest to near zero.  It 
was found that the signal from QD’s could be 
enhanced in a controlled manner by using a low 
power excitation source for some time before the 
signal is read.

While the results of using Si as a substrate are 
encouraging there is a need to enhance the 
method by which biological samples are to be 
deposited on the Si wafers. Future work will 
consist of this and the development of cancer 
biomarker microarrays based on quantum dot 
bioconjugates.
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