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It is presented an experimental study about thermal conductivity in gray 
iron and compacted graphite iron. Thermal conductivity of the specimen is 
measured by a comparative method with stationary axial heat flow 
according to ASTM E 1225. The investigated specimen is put in a stack in 
tight thermal contact with two reference materials of same diameter. The 
upper reference specimen is coupled to a heat source, the lower reference 
to a heat sink. A guard heater and other experimental setup minimize 
radial heat losses. Reference material is electrolytic iron with certified 
thermal conductivity. It was tested 2 gray irons, the first alloyed with 
CuSnCr and the second with CuSnCrMo. Two grades of compacted 
graphite iron were also tested, CGI 350 and CGI 450. The tests were 
conducted up to 400°C. 
The results show that thermal conductivity decreases in the following 
sequence: CuSnCr gray iron, CuSnCrMo gray iron, CGI 350, CGI 450.  
The thermal conductivity results of the gray iron samples decrease with 
increasing temperatures, and are almost constant for the CGI samples. 
The results show the potential of using CGI 350 for applications like 
engine cylinder heads. 
 
Keywords: Thermal conductivity, Cast irons, Compacted graphite iron, Gray iron 
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1. Introduction 
Thermal conductivity is, in some 

applications, the main reason for the material 
selection, in special in the automotive industry, 
for internal combustion engine components and 
brake systems. Cast irons have been used for 
such components (cylinder heads, pistons, brake 
drums and disks), combining good mechanical 
and friction properties with thermal conductivity 
[1-3].  

The recent use of compacted graphite iron 
(CGI) for cylinder heads has demanded the study 
of properties of this material, in special the 
thermal conductivity. In comparison with gray 
iron, CGI shows lower values of thermal 
conductivity, and this is the main reason of the 
designer objection regarding CGI for such 
applications, in spite of its higher mechanical 
properties [4-6]. However, one point is the 
comparison between the CGI not with the regular 
gray iron, but with alloyed gray irons (Cu, Sn, 
Cr, Mo), nowadays used for diesel cylinder 
heads. In a general way the alloying elements 
tend to decrease thermal conductivity, so those 
alloyed gray irons must present thermal 
conductivity values lower than the regular gray 
irons. After that, this paper presents a thermal 
conductivity comparison study between 
compacted graphite irons and alloyed gray irons 
[7]. 

Thermal conductivity values of 
metallographic phases of cast irons are presented 
in Table (1). It can be seen that ferrite has higher 
thermal conductivity than pearlite and also that 
cementite can lower the cast iron thermal 
conductivity. Parallel to the graphite basal plane 
the thermal conductivity is high and, in this 
condition, is the phase with highest thermal 
conductivity. So, a graphite shape that eases the 
thermal conductivity along the basal plane must 
result in maximum thermal conductivity [8,9]. 

 
Table (1) Thermal conductivity of main 
metallographic phases in cast irons at room 
temperature [7] 

Metallographic 
constituent 

Thermal conductivity 
(W m-1 ºC-1)

0–100ºC 500ºC 1000ºC 
Ferrite 71–80 42 29 
Pearlite  50 44 40 
Cementite 7–8 - - 
Graphite (to basal plane) - - - 
Parallel 293-419 84–126 42–63 
Perpendicular 84 - - 

This is the case of gray iron, as can be seen in 
Fig. (1). The amount of graphite also affects 
thermal conductivity, especially in gray irons, as 
shown in Fig. (2). In this figure theoretical 
models were plotted considering nodular 
graphite as perfect spheres and flake graphite as 
discs. The model for nodular graphite showed 
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good agreement with the experimental results, 
while for flake graphite this agreement is poor. 

Typical values of thermal conductivity of 
different gray and ductile irons grades can be 
seen in tables (2) and (3) for increasing 
temperatures. For gray irons thermal 
conductivity decreases with temperature. This 
trend is observed in many reports [7,10], 
although there is no discussion on the cause of 
this behavior. The effect of the temperature in 
reducing thermal conductivity is higher for gray 
irons with high carbon content [10]. 

Fig. (1) The thermal conductivity of graphite parallel 
to basal plane is higher than perpendicular 
 

Fig. (2) Effect of graphite amount on the thermal 
conductivity, for gray iron (O) and ductile iron (�), 
with ferritic matrix 

 
Table (2) Results of thermal conductivity for 
different grades of gray Iron 

Thermal conductivity (W/K.m) Temperature (°C ) GJL 150 GJL 200 GJL 250 
100 52,5 50,8 48,8 
200 51,5 49,8 47,8 
300 50,5 48,8 46,8 
400 49,5 47,8 45,8 
500 48,5 46,8 44,8 

Thermal conductivity (W/K.m) Temperature (°C ) GJL 300 GJL 350 GJL 400 
100 47,4 45,7 44,0 
200 46,4 44,7 43,0 
300 45,4 43,7 42,0 
400 44,4 42,7 41,0 
500 43,4 41,7 40,0 

As for steels, the presence of alloying 
elements in cast irons decreases thermal 
conductivity for a given matrix (it should always 
be considered that alloying elements can affect 
the amounts of ferrite and pearlite in the matrix). 
In table (4) the effects of alloying elements are 
presented. In this table it can be seen the 
significant effect of silicon, which is always 
present in high amounts in cast irons. 

 
Table (3) Results of thermal conductivity for ductile 
irons 

GGG-35.3 GGG-40 GGG-50 
100 ºC 40.2 38.5 36.0 
200 ºC 43.3 41.5 38.8 
300 ºC 41.5 39.8 37.4 
400 ºC 38.8 37.4 35.3 
500 ºC 36.0 35.0 33.5 

GGG-60 GGG-70 4 Si-Mo 
100 ºC 32.9 29.8 25.1 
200 ºC 35.4 32.0 27.2 
300 ºC 34.2 31.0 28.1 
400 ºC 32.8 30.3 28.6 
500 ºC 31.6 29.8 28.9 

Table (4) Change in Thermal Conductivity of Gray 
Iron Upon Addition of 1% Alloying Element [7] 

Element Experimental 
range % Change in k, % 

Silicon 
1 – 6

0.65 – 4.15 
(ductile iron) 

-6 
-14.7 

Manganese 0 – 1.5 -2.2 
Phosphorus ? -6 

Chromium 0 – 0.39 
0 – 0.5 

+21 
-30 

Copper 0 – 1.58 -4.7 
Nickel 0 – 0.74 -14.5 
Molybdenum 0 – 0.58 -12 
Tungsten 0 – 0.475 -5.2 
Vanadium 0 – 0.12 0 

The thermal conductivity of CGI is compared 
to an unalloyed gray irons in Fig. (3). It is shown 
that, in CGI high nodularity decreases thermal 
conductivity, while increasing temperatures have 
little effect in this property. Additional results are 
presented in Fig. (4), where it can be seen that 
higher nodularity decreases thermal conductivity 
[11]. 
 

Fig. (3) Thermal conductivity results of compacted 
graphite iron, compared to a gray iron [12] 
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A practical consequence of the differences 
between gray and compacted graphite iron’s 
thermal conductivity was verified, establishing 
the temperature during the restrain of break discs 
(Fig. 5). It is observed that gray iron break discs 
are better heat conductors than CGI, causing the 
CGI casting to reach higher temperatures in 
service. 

 

Fig. (4) Effect of nodularity on the thermal 
conductivity of cast irons [11] 
 

Fig. (5) Temperature of the break disk during the 
breaking cycles [13] 

 
In the following experimental work thermal 

conductivities of two alloyed gray irons used for 
cylinder heads for heavy diesel engines and two 
classes of CGI were determined. 

 
2. Experimental Procedures 
Table (5) shows the chemical composition of 

the tested materials. Copper and tin are used in 
CGI to obtain the necessary amount of pearlite 
for each grade. In gray iron, copper, tin, 
chromium and molybdenum are used as alloying 
elements to obtain the high strength grades. Gray 
iron samples were obtained from bars with 30 
mm diameter, and CGI samples were machined 
from keel blocks of 25 mm, casted in chemically 
bonded sand moulds. Those are standards 
samples for tensile tests. 

Thermal conductivity was measured by a 
comparative method with stationary axial heat 
flow according to ASTM E 1225-99 [14]. The 

investigated specimen is put in a stack in tight 
thermal contact with two reference materials of 
the same diameter. The upper reference 
specimen is coupled to a heat source, the lower 
reference to a heat sink. Radial heat losses are 
minimized by a guard heater and other 
experimental setup. Reference material is 
electrolytic iron with certified thermal 
conductivity.  

 
Table (5) Chemical composition of CGI and Gray 
Iron samples 

Elements CGI 350 CGI 450 Gray Iron 
250 

Gray Iron 
300 

C (%) 3.65 3.62 3.43 3.30 
Si (%) 2.45 2.41 2.07 2.05 
Mn (%) 0.37 0.37 0.55 0.56 
Cu (%) 0.41 1.17 1.00 1.20 
Sn (%) 0.031 0.064 0.10 0.11 
Cr (%) 0.029 0.029 0.20 0.24 
Mo (%) - - - 0.30 

Table (6) Microstructure and mechanical properties 
of the CGI samples 

CGI 350 CGI 450 
Gray 
Iron 
250 

Gray 
Iron 
300 

Ferrite (%) 48 2 0 0 
Graphite 
shape 

4%
nodulary 

7%
nodularity 

A,
size 4 

A,
size 4 

UTS (MPa) 371 498 270 317 
YS (MPa) 292 443 - - 
E (%) 2,5 1,4 - - 

The temperature drop along the specimen ∆Tp

and the references ∆TR1, ∆TR2 as well as the 
distances between the temperature sensors ∆xp,
∆xR1 and ∆xR2 are measured. With known thermal 
conductivity dlu,] as function of temperature of 
the reference material λR1 and λR2, following 
equation gives the thermal conductivity of the 
specimen λP


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
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


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


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


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P
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x
T+

x
T

T
x

2
1= λλλP

(1) 

 
An apparatus of Dynatech Co., Cambridge, 

MA, USA, Type TCFCM was used for the 
measurements. Temperature was measured by 
Ni-CrNi thermocouples, thermo-voltages were 
measured by a data acquisition system Philips, 
Type PM 8237A, which automatically references 
to ice point and linearizes the signal. A traveling 
microscope measured the distances of the 
drillings of the specimen, where the 
thermocouples are placed. 

The temperature difference in the specimen is 
approximately 10°C. The average value of the 
two temperature values measured along the 
specimen is considered as specimen temperature.  

 
3. Results and Discussion 
Table (7) and Fig. (6) show the results 

obtained. The numbers are the average of 2 
measurements. The results show that gray iron 
presents always higher thermal conductivity than 
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CGI. The differences decrease with increasing 
temperature, because for gray iron thermal 
conductivity results decrease with increasing 
temperature, while for CGI the results do not 
show a significant variation with the 
temperature. The highly alloyed Gray Iron Grade 
300, used for cylinder heads of heavy diesel 
engines, presents lower thermal conductivity 
than the Gray Iron Grade 250. This is caused by 
the lower carbon content and by the alloying 
elements, reducing thermal conductivity. 

 
Table (7) Thermal conductivity results 

Thermal conductivity (W/K.m) 
Temperature 

(°C ) CGI 
350 

CGI 
450 

Gray 
Iron 
250 

Gray 
Iron 
300 

100 37,0 33,6 50,0 45,5 
200 37,4 34,2 46,6 43,15 
300 37,2 34,3 43,6 41,2 
400 36,5 33,9 40,9 39,7 

20

25

30

35

40
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Fig. (6) Thermal conductivity results of CGI and 
Gray Iron 

 
Comparing with the results on Table (2), the 

effect of temperature, reducing the thermal 
conductivity of gray irons, is much higher in the 
results we obtained (Fig. 6). One possible reason 
for that is that the carbon content from our 
samples (3,3-3,5) is higher than the usual carbon 
contents of gray iron (3,2-3,4), resulting in 
higher amount of graphite (lamellar). 

Comparing the two grades of CGI (Fig. 6), 
one can observe that the CGI Grade 350 should 
be consider a candidate material for cylinder 
heads, because of the higher thermal 
conductivity compared to the CGI Grade 450. In 

this case, the larger amount of ferrite in the CGI 
Grade 350 resulted in increasing thermal 
conductivity. 

 
4. Conclusions 
From the obtained results, we can conclude 

the following. Gray iron always presents higher 
thermal conductivity comparing with compacted 
graphite iron, due to the graphite form. 
Increasing the temperature and adding alloying 
elements, thermal conductivity decreases for 
gray irons. CGI 350 presents higher thermal 
conductivity comparing with CGI 450, due to the 
higher ferrite content. 
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Lead sulfide thin films were deposited by chemical bath deposition onto 
glass substrates. Depending on the percentage of the constituent bath salts 
and bath temperature, films with polycrystalline or amorphous structure 
were obtained. The influence of bath temperature and bath percentage on 
optical transmittance in the NIR region and structure was investigated. It 
was found that thickness goes on decreasing as the concentration of lead 
acetate increases. XRD revealed that the film deposited at 20°C displays no 
obvious characteristic reflection peaks which could be detected. Large 
grains are obtained when both deposition time and temperature are 
increased.  
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1. Introduction 
Lead sulfide (PbS) Bulk and thin films are 

one of the earliest semiconductors extensively 
studied in the last decades, due to their potential 
for IR detector materials [1,2], quantum dots 
applications [3], selective coating for 
photothermal conversion [4], solar cell [5]. PbS 
is a direct narrow energy gap semiconductor and 
its energy gap at room temperature is about 
(0.37-0.4) eV. Also, lead sulfide having a 
positive temperature coefficient of the energy 
gap among all other semiconductor which shows 
a negative temperature coefficient [6]. PbS thin 
films can be obtained by several methods [7-9]. 
Chemical bath deposition is mostly used [7,10-
13], since it is a very comfortable method for 
deposition of polycrystalline films, at low cost 
with a good quality of the obtained films [14]. 
Also, by changing the percentage of lead sulfide, 
which is co-deposited with cadmium sulfide, a 
new semiconductor material is prepared [15-17]. 

In this work, we try to re-evaluate and discuss 
the effect of different deposition parameters on 
the physical properties of deposited PbS thin 
films. 

 
2. Experiment 
The samples studied were thin polycrystalline 

films of PbS layers prepared by CBD on 
commercial glass slides with dimensions 
(1x26x76mm3).The substrates were washed with 
distilled water in ultrasonic bath and then 
immersed for 24 hours in chromic acid (1gm of 
CrO3 in 20ml of distilled water) and finally 
washed again with distilled water. The aqueous 
solution of the deposition bath was prepared by 
the sequential addition of 5ml of 0.5M lead 
acetate, 5ml of 2.0M KOH, 6ml of 1.0M thiourea 

and 2ml of 1.0M triethanolamine in 100ml 
beaker. The total volume was completed to 
100ml with distilled water. First, potassium 
hydroxide was added to the lead acetate and 
mixed by magnetic stirrer, the color change 
rapidly to white and this indicate the formation 
of lead hydroxide (Eq. 1). Thiourea was added to 
the solution and then T.E.A was gradually added 
with continuous stirring as the color changes to 
brown and finally into gray black. A metallic 
layer will deposit on the beaker walls. The slides 
were immersed in the solution vertically where 
the PbS is deposited (Eq. 2). 
Pb(CH3COO)2+KOH→Pb(OH)2+K(CH3COO) (1) 
Pb(OH)2+SC(NH2)2 → PbS + another compound (2) 

Thickness measurements were made by 
optical method using He-Ne laser with incident 
angle 45°. The film thickness (t) is calculated 
using 

X
Xt ∆=

2
λ (3) 

where ∆X the width of dark fringes and X is the 
width of light fringes 

Optical transmission and absorption 
measurements were performed at room 
temperature at (1000-4000)nm range using IR 
spectrophotometer. Values of energy bandgap 
(Eg) were calculated from the extrapolated 
intercept of (αhυ)2 versus hυ, and absorption 
coefficient was calculated from transmission 
spectra using Beer-Lamberts law 

Tt
1ln1=α (4) 

where t is the film thickness and T is the 
transmission 

For the electrical measurements, aluminum 
electrodes in a coplanar configuration were 
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evaporated in vacuum on the surface of the PbS 
films. The distance between electrodes was 
7mm. The activation energies of samples 
deposited at different conditions were deduced 
from lnI vs. 1/T curves. The structural properties 
of the layers were investigated by X-ray 
measurements using Philips-PW 1840 XRD 
system, which has the following characteristics: 
the CuKα with 1.54Å wavelength, 3 deg/min 
scanning speed, 10°-60° incidence angle. 
Average grain size (G.Z) was deduced using 
Scherer equation 

θ
λ

cos
9.0.

B
ZG = (5) 

where λ is the wavelength of radiation, B is the 
full width half maximum (FWHM), θ is Bragg 
diffraction angle 

 
Table (1) The deposition conditions 

3. Results and Discussion 
Fig. (1) shows the dependence of the film 

thickness on deposition parameters. The film 
thickness goes on decreasing as the concentration 
of lead acetate increases as shown in Fig. (1a). 
This parameter attained a state of higher super 
saturation earlier, generating precipitate instead 
of film. By keeping 0.5 mol.L-1 concentration of 
lead acetate, the concentration of thiourea was 
optimized. Fig. (1b) shows the thickness of PbS 
film variation with concentration of thiourea. It is 
found that the maximum value of thickness is at 
1mol.L-1 concentration, which is taken as 
optimized value. By taking the above optimized 
value of concentrations, the terminal thickness of 
PbS with deposition time is shown in Fig. (1c). 

Two different stages could be distinguished; 
the initial with rate linear up to 3 hrs reaching a 
value of 617nm, after which a quasi saturation 
stage starts, where the growth rate is reduced in 
the deposition range (3-4) hours. Such trend 
could be attributed to the constituent ions (Pb+2 
and S-2) which start to deplete from the bath [18], 
hence the growth of the film proceeds slowly and 
thickness slowly increases with prolonged 
immersion of substrates in the deposition bath. 
The growth kinetics was also studied by keeping 
the deposition time and pH value constant and 
changing the bath temperature. The variation in 

thickness function of bath temperature is shown 
in Fig. (1d). 

 

(a) 

(b) 

I

(d) 
Fig. (1) Characteristics of film thickness (a) as a 
function of lead acetates, (b) as a function of 
thiourea, (c) terminal thickness as a function of 
deposition time, and (d) as a function of 
temperature 
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Thickness of the films was found to increase 
exponentially with temperature. Increasing bath 
temperature considerably shortens the deposition 
period. The growth of 757nm film at 500°C 
requires 2 hrs while requires more than 4h at 
200°C. The increasing of bath temperature leads 
much probably to greater mobility of both 
constituent atoms on the substrate, leading to 
greater mobility of their recombination to form 
PbS. 

From the XRD results, the orientation of the 
planes is determined as well as the average grain 
size of PbS films is estimated. The XRD patterns 
of the as-deposited films for different deposition 
conditions are shown in Fig. (2). For films 
deposited at 200°C, Fig. (2a) displays no 
characteristic reflection peaks which could be 
detected in the XRD patterns. 

 

(a) 

(b) 

I
Fig. (2) The XRD results of deposited films (a) at 
20°C and 2 hrs, (b) at different times and (c) at 
different temperatures 

When deposition time and bath temperature 
are increased, the prepared films will be 
polycrystalline. The XRD patterns in Fig. (2b,c) 
display four different peaks at 2θ values of 
approximately 26°, 30°, 43° and 57° 
corresponding to the (111), (200), (220) and 
(311) crystalline planes of cubic phase 
respectively, which indicates that PbS films are 
well crystallized. The intensity of (200) peak is 
higher than that of (220) peak indicating that 
there is a (200) preferred orientation during the 
deposition. Such kind of preferred orientation 
has been recently reported for nanowires [19]. 

The dominated orientation can be explained 
using the survival of the fastest model [20]. 
According to this model, nucleation with various 
orientations can be formed at the initial stage of 
deposition. Each nucleus competes to grow but 
only nuclei having the fastest growth rate can 
survive. The principal driving force for grain 
growth is the reduction of the grain boundary 
surface area per unit volume [21]. Fig. (3) shows 
the dependence of average grain size on the 
deposition time and bath temperature. When both 
parameters increase, large grains are obtained in 
linear dependences, with quasi saturation at 
higher values. It seems that these two parameters 
are a necessary condition to obtain a 
polycrystalline films. 

 

(a) 

(b) 
Fig. (3) Grain size as a function of temperature at 
deposition time of (a) 4 hrs and (b) 2 hrs 

 
However, the deposition time produces larger 

increase in the grain size. It is obvious that 



IJAP Vol. (4), No. (4), December 2008 

© 2008 Iraqi Society for Alternative and Renewable Energy Sources and Techniques (I.S.A.R.E.S.T.) 10

increasing thickness with time is due to the 
increasing grain size, while increasing bath 
temperature increases the number of deposited 
layers. 

The measurement of the transmission of all 
thin film samples were carried out in the 
wavelength range (1000-4000) nm at room 
temperature. Fig. (4) displays the transmission 
spectra at different deposition conditions. At the 
absorption edge, the curves are exponential, 
which is probably an indication of the 
homogeneity of the films and the presence of 
normal band structure [21]. 

 

Fig. (4) Spectral transmission as a function of (a) 
deposition time and (b) bath temperature 

 
From the plots of (αhυ)2 versus hυ in Fig. (5), 

the dependence is almost linear in the higher 
energy region. This indicates the direct bandgap 
transition; therefore, the extrapolation of the 
straight line portion of the curves to zero 
absorption gives the corresponding value of 
bandgap. 

Dark electrical conductivity (δ) of the lead 
sulfide film was measured by using a dc two-
point probe method. The variation in versus 
1000/T for the film is shown in Fig. (6). The 
electrical conductivity increases with increasing 
temperature. The dark electrical conductivity at 
room temperature was of the order of 6x10-5 
(Ω.cm)-1 close to the earlier reported values. 

 
4. Conclusion 
In this investigation, PbS thin films were 

grown on glass substrates by CBD and the 

effects of growth conditions such as the molarity 
of the constituents, growth temperature and 
growth time, on structural and optical properties 
were studied. The major findings are 

1- Film thickness ranged from 217nm to 
750nm, and the grain size from 7nm to 15nm, 
depending on the growth conditions 

2- NIR optical experiments showed that the 
energy gap was (0.32-0.38)eV 

3- The films deposited at room temperature 
and 2 hrs deposition time are amorphous 

 

(a) 

(b) 
Fig. (5) Variation of (αhv)2 versus hv (a) at 40°C and 
2 hrs and (b) 
 

Fig. (6) The electrical conductivity versus 
temperature 
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Nobel Prize in Physics 
2008 

 
Nobel Prize in Physics 2008 was won by Prof. Yoichiro Nambu and Prof. Makoto Kobayashi.
Below is a summary of works of both laureates. 
 

Prof. Y. Nambu from the 
Enrico Fermi Institute, University of Chicago 
shares the prize for the discovery of the 
mechanism of spontaneous broken 
symmetry in subatomic physics.  
“The really bold assumption that Nambu 
now made in 1960 [44] was that 
spontaneous symmetry breaking could also 
exist in a quantum field theory for 
elementary particles.” – Scientific 
Background on the Nobel Prize in Physics 
2008  
[44] Y. Nambu, “A ‘Superconductor’ Model 
of Elementary Particles and its 
Consequences”, in Broken Symmetries, 
Selected Papers by Y. Nambu, (World 
Scientific,1995), p.110.  
 
QUARKS: Frontiers in Elementary 
Particle Physics
by Y Nambu (Univ. Chicago) 
The book explains in a precise and complete 
manner how elementary particle physics has 
evolved over the past 50 years. The 
historical development of the ideas that have 
shaped our thinking about the ultimate 
constituents of matter is traced out.  
 

BROKEN SYMMETRY: Selected Papers of 
Y Nambu
edited by T Eguchi (University of Tokyo, 
Japan) & K Nishijima (Chuo University, 
Japan) 
This book contains selected papers of Prof 
Nambu who is one of the most original and 
outstanding particle theorists of our time. 
This volume consists of about 40 papers 
which made fundamental contributions to 
our understanding of particle physics during 
the last few decades. 

Nonlocal Separable Solutions Of The 
Inverse Scattering Problem
Tony Gherghetta; Yoichiro Nambu 
International Journal of Modern Physics A 
(IJMPA) Volume: 8 No: 18 Year: 1993 pp. 
3163-3184

Prof. Makoto Kobayashi 
from the High Energy Accelerator Research 
Organization, Japan shares the prize with 
Prof. Toshihide Maskawa from Kyoto 
University. The duo are honored for their 
discovery of the origin of the broken 
symmetry which predicts the existence of at 
least three families of quarks in nature. 
 
A GARDEN OF QUANTA: Essays in 
Honor of Hiroshi Ezawa
edited by J Arafune (National Institute for 
Academic Degrees, Japan), A Arai 
(Hokkaido University, Japan), M Kobayashi 
(Accelerator Research Organization(KEK), 
Japan), K Nakamura (Meiji University, 
Japan), T Nakamura (Sundai Preparatory 
School, Japan), I Ojima (Kyoto University, 
Japan), N Sakai (Tokyo Institute of 
Technology, Japan), A Tonomura (Hitachi 
Ltd, Japan) & K Watanabe (Meisei 
University, Japan) 
This book is a collection of reviews and 
essays about the recent wide-ranging 
developments in the areas of quantum 
physics. The articles have mostly been 
written at the graduate level, but some are 
accessible to advanced undergraduates. 
They will serve as good introductions for 
beginning graduate students in quantum 
physics who are looking for directions. 
Aspects of mathematical physics, quantum 
field theories and statistical physics are 
emphasized.  
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The main characteristics of vertically illuminated InP/InGaAs-based 
heterojunction bipolar phototransistors (photo-HBT) developed at 
OPTO+ (Alcatel) were presented. Also, the design and fabrication of 
photo-HBT-based monolithically integrated circuits such as 
optoelectronic amplifier and mixers are described. Comparisons of 
some performances between photo-HBTs, PIN and UTC photodiodes 
are commented. 
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1. Introduction 
InP/InGaAs photo-HBT has been studied for 

several years [1-3] because of its potential as a 
high-performance photodetector at micro- or 
millimeter-wave frequency. Also, photo-HBTs 
can operate as optoelectronic mixers or photo-
oscillators [4] and applications in optical access 
networks and others microwave photonic 
systems as radar, passive imaging and remote 
sensors are becoming possible. Because top 
illuminated photo-HBT has the same layer 
structure as single HBT (SHBT), monolithically 
integrated photoreceivers can be fabricated using 
the same epitaxial and processing steps, avoiding 
a regrowth process with its problems. In this 
paper, we describe the recent developments on 
top illuminated photo-HBT and its integration in 
a narrow band amplifier and upconverting 
mixers, operating in the microwave and 
millimeter wave bands. Several different 
approaches for photodetection are proposed. 
Conventional approach uses PIN photodiodes 
and, recently, UTC photodiodes are proposed for 
their excellent high-power performances. In the 
last part of this paper, PIN and UTC photodiodes 
performances, reported in the literature, are 
comparatively commented with those of photo-
HBTs. 

 
2. InP/InGaAs photo-HBT 
The n-p-n InP/InGaAs photo-HBT is a three-

terminal device with a structure similar to the 
HBT. Also, its operation mode is nearly identical 
to and related to that of the HBT. So, higher 
frequency performance for the photo-HBT 
should be feasible as was demonstrated in recent 
reports. InP-based photo-HBT consists of an n-
type wide band-gap InP emitter, a heavily doped 
p-type InGaAs base, and a lightly doped n-type 
InGaAs collector. In top illuminated photo-

HBTs, the optical window is placed directly in 
the base region, and the photo-HBT operates as 
an HBT amplifier in the common emitter-mode 
operation, with a photodiode formed by the base-
collector junction. The schematic diagram shown 
in Fig. (1) illustrates the layer structure of the 
device. 
 

C InGaAs:Si

B InGaAs:C
E InP:Si

 
Fig. (1) Schematic cross-section of a top-
illuminated photo-HBT 
 

Photo-HBT performances were improved in 
terms of the optical gain cut-off frequency (Fc)
and optical gain (Gopt) via three types of 
optimization [5]: (1) A compositionally graded-
base to improve the (photo) current gain. (2) The 
reduction of the device size down to the limit of 
our technology to improve the dynamic 
characteristics. That was obtained for photo-HBT 
with a base-collector junction area of 46µm2, an 
emitter area of 9µm2 and an optical window area 
of 16 µm2, presented in the next section. (3) Base 
contact behind the emitter mesa, opposite to the 
optical window, to minimize the “leak” 
photocurrent. 
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3. InP/InGaAs photo-HBT performances 
As a direct photodetector  

Fig. (2) displays the frequency photoresponse 
of the optimized photo-HBT, measured at a 
wavelength of 1.55µm. The light intensity was 
externally modulated by a RF signal ranging 
from 130MHz to 20GHz. The device exhibits a 
Gopt of 32dB at 130MHz, and a Fc of 110GHz. 
The DC responsivity (RDC) was 0.2A/W. 

We measured the RF output power 
dependence on the input light power at 19GHz, 
as shown in Fig. (3). The dependence is linear up 
to 2dBm input light power and the highest RF 
output power obtained before saturation was –
21dBm. 
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Fig. (3) Photo-HBT output power dependence on 
input light power, at 19 GHz 
 

The analog noise performance of the photo-
HBT was characterized by measuring the output 
noise power spectral density as a function of 
frequency and using the measured frequency 
response to compute the total equivalent noise 
current spectral density <Iin> referred at the 
optical input of the photo-HBT. Fig. (4) shows 
the input-referred noise current spectral density 
measured from 1 to 40GHz, at the collector 
current (Ic) of 2 and 10mA.  

In Fig. (4), the solid lines are the tendency 
curves of experimental measurements. At 
28GHz, <Iin> of the photo-HBT was 51 and 36 
pA/Hz1/2 for the 10 and 2mA collector current, 

respectively. At 40 GHz, <Iin> increases to 66 
and 50 pA/Hz1/2 for Ic equal to 10 and 2mA, 
respectively. To assess the digital performance of 
photo-HBTs a system evaluation was performed 
using a packaged phototransistor of first 
generation with an R=0.35A/W and a fc=65GHz. 
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The device was evaluated using a self-
heterodyne optical mm-wave source. It supplies, 
both an intermediate frequency at 2GHz 
modulated in a 16 QAM modulation scheme at a 
symbol rate of 6.25Msps (25Mb/s), and a 
reference signal at 29.875GHz. The performance 
of the photo-HBT was evaluated in terms of bit 
error rate (BER) versus the carrier to noise ratio 
(C/N). The results are presented in Fig. (5) one 
curve shows the reference performance at 
800MHz, while the second one shows the 
performance at the 27.875GHz carrier: a BER of 
10-9 for a C/N of 24.3dB was achieved. 
 

Data signal : 25 Mb/s,  16 QAM

1,E-11

1,E-10

1,E-09

1,E-08

1,E-07

1,E-06

1,E-05

1,E-04

1,E-03

1,E-02

10 15 20 25 30
C/N (dB)

B
ER

@27.875 GHz

 @800 MHz

Pavg = -5,5 dBm
R = 0.35 A/W
Ic = 10.3 mA

Fig. (5) BER performance of the photo-HBT as a 
direct photodetector 
 

3.2 As an upconverting mixer 
We have taken advantage of the inherent non-

linear properties of the photo-HBT to achieve 
upconversion of an intensity modulated optical 
signal at the intermediate frequency (IF) of 
2GHz to the 28 and 42GHz frequencies, using a 
local oscillator (LO) signal at 26 and 40GHz, 
respectively. The performance of the photo-HBT 
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mixer was evaluated in terms of the mixer 
conversion gain (Gconv), which was equal to 10 
and 6dB at 28 and 42GHz, respectively. 

 
4. Optoelectronic integrated circuits – 

OEIC 
A narrow-band photoreceiver OEIC working 

in the 28GHz regime was fabricated at OPTO+. 
The fabricated OEIC is depicted in Fig. (6). It 
consists of two �enabil cells and two matching 
cells as shown in Fig. (6). The first �enabil cell 
consists of one photo-HBT and one HBT and the 
second one is composed of two HBTs. The 
matching cell placed between the �enabil cells 
was designed in order to maximize the power 
gain of the circuit at 28GHz and the other one 
provides the 50Ω matching output. The two 
matching cells include MIM capacitors, coplanar 
lines and resistors [5]. 
 

B1 B2 B3 B4

HBT/Photo-HBT
Pout

 
Fig. (6) Microphotograph of the fabricated amplifier 
circuit. The chip size was 2400x1600 µm2 
 

As depicted in Fig. (7), the 28GHz narrow-
band amplifier exhibits a 4GHz bandwidth 
around the center frequency of 28GHz and a 
transimpedance gain (GTZ) of 50dBΩ was 
measured. 
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Fig. (7) Frequency response of the 28 GHz amplifier 
circuit in terms of transimpedance gain 
 

Using a packaged circuit, a system evaluation 
was made. For this experiment, the light intensity 
was externally modulated using a subcarrier at 
27.875 GHz and encoded with a 16 QAM, 25 
Mbit/s data signal. Fig. 8 displays the BER 
performances of the amplifier circuit as a 
function of the carrier to noise ratio for a 27.875 
GHz subcarrier. A BER of 10-9 for a C/N of 24.3 

dB was achieved and no error floor emergence 
was observed. For comparison, the C/N response 
of a PIN photodiode with a bandwidth of 60 GHz 
and a DC responsivity of 0.25 A/W is shown.  
 

Photodetection at 27.875 GHz
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Fig. (8) BER performance of the 28 GHz photo-
HBT/HBT photoreceiver 
 

Another photoreceiver using a phototransistor 
based on a double HBT has been proposed 
recently by Kamitsuna et al. [6]. They fabricated 
a photo-DHBT/DHBT broadband photoreceiver 
with a bandwidth of 40 GHz, consisted of one 
photo-DHBT followed by a reactively matched 
2-stages DHBT amplifier.  

For performing frequency change from the 
intermediate frequency of 2 GHz to the 
upconverted 28 or 42 GHz frequency, two types 
of monolithically integrated mixers were 
designed and fabricated. Type I mixer consists of 
a photo-HBT surrounded by two matching cells, 
and type II mixer consists of two �enabil cells 
and three matching cells. The O/E mixers were 
evaluated in terms of the mixer conversion gain, 
Gconv, and the results are shown in Table 1. For 
comparison, Gconv of the individual photo-HBT 
are also shown in the same table [5]. 
 
Table (1) Mixer gain conversions of individual 
photo-HBT and mixer circuits of types II and I 

Gconv
at 28 GHz

Gconv
at 42 GHz

individual
photo-HBT 10 dB 6 dB

Type I
mixer 12 dB 9 dB

Type II
mixer 17 dB

_

5. Performances of PIN and UTC 
photodiodes 

The main attraction of top-illuminated PIN 
photodiodes has been its compatibility for 
integration with single heterojunction transistors 
in photoreceivers OEICs [7,8]. However, the 
drawback of this approach is a speed limiting 
tradeoff between diode depletion layer 
capacitance and transistor transit time. The 
potential of this simple approach has been 
demonstrated recently with a monolithically 
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integrated PIN/SHBT photoreceiver with –3dB-
bandwidth of 53 GHz, using a PIN photodiode 
with a DC responsivity of 0.32 A/W, a –3dB-
bandwidth of 33 GHz and an absorption layer 
thickness of 400 nm. When the PIN photodiode 
absorption layer thickness increases to 600 nm, 
the –3dB bandwidth of the PIN/SHBT 
photoreceiver decrease to 30 GHz [7]  

For higher-speed operation, waveguide (WG-
PD) or traveling-wave (TW-PD) photodiodes 
with light incident parallel to the junction plane 
has been proposed. Although reported 
bandwidths of these photodiodes can achieve 
frequencies above 100 GHz, photoreceivers 
based on this type of photodiodes exhibit similar 
bandwidths to those obtained with PIN/SHBT 
designs. 

For high-speed communication systems, 
optical amplifiers can be installed directly in 
front of the photoreceiver. In this approach, fast 
photodetectors with high saturation power are 
necessary. In addition, the use of high-output-
power photodiodes can eliminate the post 
amplification circuit. Uni-traveling-carrier 
(UTC) photodiode, which has a p-type 
photoabsorption layer, a wide-bandgap depletion 
layer and only fast electrons act as active 
carriers, exhibits very fast response and a good 
linearity at optical powers of 100mW order. 
However, since UTCs generally require a thin 
absorption layer, quantum efficiency is relatively 
low in back illuminated devices. Responsivity of 
0.16A/W, bandwidth of 114GHz and an output 
peak-to-peak voltage (Vp-p) of 1.9V, using an 
absorption layer thickness of 140nm, has been 
reported [9]. In order to improve the 
responsivity, edge-illuminated UTC-PDs are 
necessary. For example, an edge-illuminated 
refracting-facet UTC-PD with a maximum 
responsivity of 0.4A/W, a bandwidth of >60GHz 
at a bias voltage of –4V has been fabricated, and 
a tunable millimeter-wave source composed of 
an optical comb generator and this UTC-PD has 
been recently proposed [10]. Fig. (9) shows the 
RF output power dependence on the input light 
power. Saturation effects appear at input light 
power higher than 15dBm. 

 
6. Conclusion 
Presentation of high-speed photo-HBTs with 

optical cut-off frequencies higher than 100 GHz, 
optical gain higher than 30 dB, and 
optoelectronic integrated circuits, such as a 
narrow band amplifier at 28 GHz and 
upconversion mixers to the 28 and 42 GHz 
frequencies, developed at OPTO+, has been 
made. These results, added to those obtained by 
others laboratories [2,4,6], confirm the 
potentiality of the photo-HBT to integrate 
multifunctional photoreceivers for applications in 

high-speed communication systems. However, 
hitherto their impact on real systems has been 
relatively modest. One reason is that, in point-to-
(multi)point optical systems, there is little need 
for more complex optoelectronic functionality as 
optoelectronic mixer or oscillators, and PIN/HBT 
photoreceivers have been a good compromise for 
applications up to 10-20Gb/s.  

On the other hand, photodiodes with high-
speed response and high saturation output can be 
used to greatly reduce the need for electronic 
preamplification, or even allow the decision 
circuit to be directly driven by the device. UTC-
PD has shown to have excellent characteristics 
for this application, but top-illuminated photo-
HBT based on a InP composite collector DHBT 
could draw both the separation of the absorption 
and drift regions with the interne amplifier effect 
to obtain higher responsivity and saturation 
output than photo-SHBT. 

 

Fig. (9) Output power dependence on input light 
power of an OFCG/UTC-PD mm-wave source [10] 
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Silicon nanoparticles films have been fabricated by laser ablation 
process using pulsed Nd:YAG laser. Various laser parameters were 
examined to produce films of different properties such as the laser 
energy, laser fluence, and the target-substrate distance. The 
experimental results have been fitted with the theoretical quantum 
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between (1.6-2.4)eV. While, the corresponding nanoparticle sizes 
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1. Introduction 
Silicon is an ubiquitous electronic material 

and the discovery of strong room temperature 
luminescence from porous Si in 1990 raised 
hopes it may find a new lease of life in the 
emerging field of optoelectronics [1]. Thereby, 
silicon nanocrystals have attracted considerable 
attention due to their potential applications for 
future nanoelectronic and especially 
optoelectronic devices [2,3]. Visible 
photoluminescence from porous silicon at room 
temperature triggered a world-wide research 
effort mainly aimed at investigating the 
possibilities to use silicon for optoelectronic 
applications like light emitting diode [4], 
modulators and solar cells due to the high surface 
area in addition to the fact which is, the 
nanostructured surface has a high refractive 
index therefore, this layer could be considered as 
an antireflection coating of solar cells [4-6]. 
Moreover, silicon nanostructures could also be 
employed in another areas like; biophysics, 
silicon based waveguides and nanotechnology 
[7,8]. 

One of the most direct effects of reducing the 
size of materials to the nanometer range is the 
appearance of quantization effects due to the 
confinement of the charge carriers. This will lead 
to discrete energy levels depending on the size of 
the structure as it is known from the simple 
potential well treated in introductory quantum 
mechanics [9]. Reducing dimensionality plays a 
major role in the behavior of the nanocrystalline 

system. In the case of nanocrystalline silicon, 
quantum confinement is dominant in transport 
processes and has an important contribution to 
the optical phenomena. Size quantization effects 
have two important characters. First, a change in 
the nature of the material band gap from indirect-
toquasi direct. Second, an enlargement of the 
band gap, which leads to the efficient of the 
radiative recombination should account for an 
intense visible luminescence, which could result 
in a blue shift by reducing the sizes of the 
nanocrystallites [1,10]. The confinement of 
carriers on a low-dimensional semiconductor 
system is sensitive not only to the physical 
dimension but also to the shape of the confined 
volume [1]. The semiconductor nanostructure 
shows size dependent properties different from 
those of a macroscopic semiconductor if one or 
more dimensions of the structure are comparable 
to wavelength of light or wavelength of electrons 
and holes [5]. 

Silicon nanostructures could be produced by 
lasers in various methods such as laser induced 
etching [11-16], laser annealing [17-20] and laser 
ablation of silicon targets inside a vacuum 
chamber [21-25]. Each method could produce a 
nanostructure of specific features. Pulse laser 
deposition (PLD) by laser ablation has several 
advantages including the ability to produce 
materials with a complex stoichiometry and a 
narrower distribution of particle size, reduce 
porosity and control the level of impurities 
[8,26]. Despite its versatility and wide 
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applicability, many aspects of the detailed 
physical process underlying the laser ablation 
suffer from lack of information on the structural 
properties of semiconductor nanoparticles 
deposited by PLD which is directly related to the 
principle of this deposition technique [27]. The 
major drawbacks of PLD are the occurrence of 
micron and nano-sized particles (droplets) in the 
deposited films which affects film quality and 
limits the applicability of characterization 
technique [8,27]. A seemingly esoteric of pulsed 
laser deposition has recently emerged as a 
potential methodology for growing 
nanostructures. It is as many characteristics, such 
as its ability to high-energy source particles, 
simple and nexpensive experimental setup [5]. 
This study aims to prepare silicon deposited film 
constituting silicon nanoparticles by the laser 
ablation process and study effects of various 
preparation parameters on the silicon 
nanoparticles sizes. 

 
2. Experimental Setup 
A pulsed Nd:YAG laser of 1-2.5J energy was 

employed to synthesize a nanostructured films by 
laser ablation of silicon target. Silicon 
nanoparticles films were deposited on a glass 
substrate under various preparation parameters 
such as laser energy, laser energy density and 
target-substrate distance. The deposition process 
was carried out under pressure of 5×10-4torr at 
room temperature. The pulsed laser was focused 
on a rotating target to minimize a pit formation 
using quartz lenses mounted inside the vacuum 
chamber. The target mount was fixed at optimum 
angle of 45° with the incident laser pulse to 
reduce the interaction between the laser and 
evaporating material and to ensure that the 
optimum ejected particles reach the substrate. 
The laser-induced plasma plume expanded 
perpendicularly to the target surface and 
deposited on a glass substrate. 

 
3. Results and Discussion 
3.1 The optical band gap 
It is well known that crystalline silicon has an 

indirect band gap, but in low dimensional silicon 
(silicon nanoparticles), the band gap is almost 
transferred to quasi direct [28,29]. Therefore, one 
could expect that for large sizes droplet (micron-
sized particles), there is a probability for an 
indirect transition. We have also plotted the 
relation between the square absorption 
coefficient (α2) with the optical band gap energy 
(hv) for films prepared by 40 pulses to estimate 
the optical band gap of the indirect transition. 

 
A. Effect of laser energy 
It was also found that the band gap energy is 

extremely affected by the incident laser energy. 

When low laser energy is incident on the target, a 
low number of large size silicon nanoparticles 
are ablated from the target and the estimated 
band gap energy was 1.75eV. Further increase in 
the laser energy leads to increase the laser power 
density and consequently the number of small 
nanoparticles and the corresponding band gap 
energy, as shown in Fig. (1). 
 

Fig. (1) The optical band gap to the samples 
prepared under different laser energies 
 

This band gap reaches 2.3eV at higher laser 
energy as given in Table (1). More probably, the 
observed shift in the band-edge can be attributed 
to the decreasing in the particle size according to 
the quantum confinement effect. 
 
Table (1) Effect of laser energy on the nanoparticles 
band gap 

Laser energy (J) Band gap (eV) 

0.8 1.75 
1 2

1.25 2.25 
1.5 2.3 

Similarly, we have also plotted the relation 
between (α1/2) and the band gap energy (right-
hand y-axes in Fig. 2) to compare between the 
indirect band gap and direct band gap for the 
particles in the ablated film prepared by laser 
energy of 1.5J. It was found that the estimated 
indirect band gap has a smaller value (2.1eV) 
compared with that for direct band gap (2.3eV) 
and that is reasonable since the indirect band gap 
is shifted from the bulk value (1.12eV) to 
(2.1eV). In other words, the indirect band gap 
should take value closer to the bulk band gap 
[30]. 
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Fig. (2) The direct and indirect band gap to the film 
prepared at 1.5J 
 

B. Effect of the laser fluence 
Table (2) gives values of the energy band gap 

of the samples prepared under different laser 
fluences. The curves show shifts in the value of 
the band gap towards higher energy when 
increasing the laser fluence. This attributed to the 
decreases in the particle size with increasing 
laser fluence. This behavior can be explained by 
the quantum confinement model [31]. Increasing 
the laser fluence leads to efficient plume 
formation, therefore, the amount of vaporizing 
materials will increase. These materials are 
almost in the range of nanometer size. Moreover 
its band gap will be increase according to the 
quantum confinement effect. This result is 
consistent with Ref. [32]. 
 
Table (2) The optical band gap values to the 
samples prepared at different laser fluencies 

Laser fluence (J/cm2) Band gap (eV) 

5 2
6 2.08 
7 2.1 
8 2.23 

C- Effect of target-substrate distance 
The band gap of the nanoparticles, measured 

from the optical absorption data at different 
target-substrate distances is given in Table (3). 
One can clearly see an increase in the band gap 
from 1.75eV to 2.3eV when the distance 
increases from 0.25cm to 0.5cm. On the other 
hand, increasing the target-substrate distance to 
0.75cm leads to red shift of the band gap to 
2.1eV since smaller-sizes nanoparticles have 
lighter weight and affected by the vacuum 
pressure inside the vacuum chamber and, 
subsequently, could not travel long distances to 
reach the substrate. This result is consistent with 
our results for the photoluminescence spectra, 
where the position of 0.5cm target-substrate 
distance produces smaller nanoparticle sizes and 
correspondingly larger band gap energy 

according to the quantum confinement model 
[33]. 

 
Table (3) The optical band gap at different target-
substrate distances 

Target-substrate distance (mm) Band gap (eV) 

2.5 1.75 
5 2.3 

7.5 2.1 

3.2 The Photoluminescence (PL) 
The quantum confinement model has been 

widely used by Suemoto et al. [34] and modified 
by Yorikawa et al. [35] to study the 
nanocrystallite size distributions in porous 
silicon from its photoluminescence spectra. 
According to the QC model, the emission 
wavelength and intensity depend on the 
nanocrystal diameter, size distribution and 
concentration. This model can explain the 
general tendency of most of the experimental 
results such as the blue-shift of the luminescence 
spectrum with a decrease of the silicon 
nanocrystallite (Si-nc) size. It is based on the fact 
that each nanoparticle in a porous silicon 
specimen contributes a characteristic sharp 
photoluminescence spectrum, where the total 
photoluminescence intensity S(E) from an 
assembly of particles including size distribution 
is given by: 

o
g

E
Eextc EE

R
n

RDEEcES
−

−= .1).().(.)( .α (1) 

where E is the gap energy of bulk silicon, c is a 
constant including an intensity of the light source 
of excitation energy (Eexc.), α(Eexc.-E) is the 
absorption coefficient as a function of energy, 
D(RE) is the size distribution function, n is the 
confinement parameter and R represents the 
crystallite radius 

Photoluminescence (PL) spectra of silicon 
nanoparticle films prepared by ablating the 
silicon target with different laser fluence were 
studied with excitation laser source of 514nm 
(2.41eV) in order to ensure that widest range of 
particles sizes was excited. The 
photoluminescence spectra obtained from the 
experimental data have been fitted to spectra 
calculated by the quantum confinement model of 
electrons within dot particle structure as shown 
in Fig. (3). 

The theoretical calculations are shown as 
continuous curves. As the laser fluence is 
increased from 4J/cm2 to 7J/cm2, the mean 
particles size decreases. For the sample prepared 
with 4J/cm2, it was found that the 
FWHM=60meV with a standard deviation of 
σ=0.5Å, and the mean size of crystallites is 
L◦=38Å positioned at 1.6eV. For the sample 
prepared at 5J/cm2, the photoluminescence peak 
intensity increases and shifted toward larger 



IJAP Vol. (4), No. (4), December 2008 

© 2008 Iraqi Society for Alternative and Renewable Energy Sources and Techniques (I.S.A.R.E.S.T.) 22

energy which is about 1.7eV, while the FWHM 
was about 80meV, Fig. (3b). As the laser fluence 
is further increased to 6J/cm2, the PL peak 
intensity is decreases as compared with the 
previous case and the FWHM is about 120meV, 
while the photoluminescence peak position is 
increased to 2.02eV and the crystallite size is 
L◦=26Å. The samples were produced at 7J/cm2

laser fluence witness smaller particles size of 
about L◦=22Å and its FWHM is 130meV. One 
can clearly see that the crystallite size shifts 
towards smaller particles sizes with increasing 
laser fluence, because high laser fluence can 
supply more kinetic energy to the materials 
ejected during the deposition process. 

 

Fig. (3) PL spectra to the samples prepared at 
different laser fluences. The calculated results are 
represented in solid lines, while the experimental 
data are fitted in doted line 

Also, it can be suggested that, when the laser 
fluence increased, the atoms mobility increases 
and this provides an appropriate condition for 
creating of smaller and denser silicon 
nanoparticle films. It should also be mentioned 
here that the photoluminescence intensity 
becomes higher for high laser fluence and that is 
due to the high number of small nanoparticles 
contributing the emission. 

 
4. Conclusions 
Optical properties of silicon nanostructure 

films have been investigated as a function of 
laser energy, target-substrate distance and laser 
energy density, in order to realize the effect of 
these experimental conditions on the optical 
properties of the produced Si films. It was found 
that the nanostructured films have interesting and 
unique optical properties. Due to the nanoparticle 
size distribution in the deposited films, the 
average value of the band gap is affected by 

different preparation conditions. From the optical 
transmission spectra of the deposited films, it is 
found that the band gap increases with increasing 
the laser energy and the laser fluence according 
to the quantum confinement effect. Laser 
ablation of silicon offers an excellent technique 
to produce silicon nanoparticles due to the 
following features: good size control, efficient 
luminescence through quantum dot structure and 
selective absorption properties. 
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Self-similar patterns are frequently observed in Nature. Their 
reproduction is possible on a length scale 102–105 nm with 
lithographic methods, but seems impossible on the nanometer length 
scale. It is shown that this goal may be achieved via a multiplicative 
variant of the multi-spacer patterning technology, in this way 
permitting the controlled preparation of fractal surfaces.  
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1. Introduction 
Nanotechnology is essentially related to the 

problems of (1) predicting the properties of 
matter on the nanometer length scale, (2) 
preparing samples with accurately controlled size 
on that length scale, and (3) making accessible 
such samples to the macroscopic world. The first 
problem is essentially related to the fact that the 
nanoscale is characterized by the so called 
(N + 1) problem: the properties of a system with 
N particles may be largely different from those of 
a system with (N + 1) particles [1]. The 
preparation of nanoscopic samples with assigned 
properties requires therefore an extreme accuracy 
in the preparation. 

The master road for the reproducible 
preparation of bodies in planar arrangement with 
assigned shape is photolithography. This 
technique has been able to produce features with 
progressively scaled size, the currently 
producible feature size being of several tens of 
nanometers. This size reduction, however, has 
been possible only thanks to the development of 
apparatuses of either huge economic cost 
(extreme ultraviolet lithography) or very low 
throughput (electron beam lithography).  

In recent years, however, techniques not 
involving the use of advanced lithography have 
been developed for the preparation of nanometer-
sized features. The most advanced ones are based 
on the transformation of vertical features into 
horizontal features and allow the preparation of 
lines with controlled width of 10–20 nm. 
Although this strategy allows the preparation of 
simple geometries only (line arrays), the 
development of new architectures [2] makes up 
for this inherent limitation. Among them the 
crossbar structure is particularly attractive [3-5] 
because it may simply be produced by crossing 
two perpendicularly oriented wire arrays and 
each cross-point may be functionalized with the 
insertion of suitable molecules [6]. 

The first method for the non-lithographic 
preparation of ultra-dense line arrays was 

originally proposed by Natelson et al. [7]. It is 
essentially based on the sequential alternate 
deposition of two films A and B characterized by 
the existence of a preferential etch for one of 
them (say, A). After cutting at 90°, polishing, 
and controlled etching of A, one eventually gets 
a mold that can be used as a mask for imprint 
lithography (IL). Actually IL is a contact (rather 
than proximity) lithography; what is non-
lithographic is uniquely the way used for the 
preparation of the mask. The first practical 
application of this idea was provided by Melosh 
et al. [8] who prepared a contact mask for IL 
with pitch of 16 nm by growing on a substrate a 
quantum well via molecular beam epitaxy, 
cutting the sample perpendicularly to the surface, 
polishing the newly exposed surface, and etching 
selectively the different strata of the well.  

Another route for the non-lithographic 
preparation of ultra-dense line arrays is the 
multi-spacer patterning technique (SnPT). This 
technology was developed by Cerofolini et al. 
[9,10] with the goal of producing wire arrays 
with pitch on the nanometer length scale 
exploiting the already existing CMOS 
(complementary metal-oxide-semiconductor) IC 
(integrated circuit) technology only. In this way 
the SnPT may be viewed as a conservative 
extension of the current IC technology to the 
nanoscale length scale [11]. In the original 
formulation of SnPT (hereinafter referred to as 
‘additive route’, SnPT+) an array of 2n bars is 
directly defined onto a substrate via a sequence 
of n conformal depositions and anisotropic 
etchings. This idea is just an extension of the 
spacer patterning technique (SPT), 
conventionally used in microelectronics for the 
self-alignment of the gate electrode on source-
and-drain regions [12]. The density limit of 
crossbars prepared using SnPT+ are discussed in 
Ref. [13]: although cross-point density of 8×1010 
could be achieved within the current technology, 
the overall process would however require 20 
repetitions of each SPT cycle.  
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2. Multiplicative Route 
Managing so many deposition-etching cycles 

may however be difficult and expensive. 
Observing that the SPT allows, starting from one 
seed, the preparation of two spacers, the above 
difficulty may be removed using a multiplicative 
variant (referred to as SnPT×) of the multi-spacer 
patterning technique.  

SnPT× requires that each newly grown spacer 
is used as seed for the subsequent growth – that 
is possible if the original seed is etched away at 
the end of any cycle. In SnPT× each 
multiplicative SPT× cycle involves therefore the 
following steps:  

The conformal deposition of a film on an 
assigned seed of high aspect ratio, 

(ii) Anisotropic etching of the film down to the 
appearance of the original seed, and 

(iii) The selective etching of the seed. 
Figure (1) sketches two SPT× repetitions and 

shows that the material nature changes on going 
from one set of spacers to the subsequent one, so 
that the spacer material alternates, in our 
preferred embodiment, between poly-silicon and 
SiO2. Since the wire material is poly-silicon, the 
material of the first deposited layer depends on 
the parity of n: if n is even, it should be in SiO2;
otherwise in poly-silicon.  

Fig. (1) Two steps for the formation of a sub-
lithographic wire array starting from a lithographic 
seed array 
 

The figure, however is highly idealized and 
does not show that, due to unavoidable side 
effects, the eight of the spacer at a given stage is 
lower than that at the previous stage [13]; 
previous studies have shown that the spacer 
height t n decreases from the height of the 
lithographic seed t 0 almost linearly with n,
tn=t0-nτ (1) 
with τ being the height loss per SPT× cycle; τ
depends on how accurately the technology has 
been set.  

The first demonstrators of SnPT× for the 
generation of gratings sub-lithographic pitch go 
back to more than a score of years [14]; the 
usefulness of this technique for the preparation 
of wire arrays potentially useful for biochips, 
instead, is much more recent [15]. 

Let P and W denote the lithographic pitch and 
wire width, respectively; P is determined by the 
considered lithographic technology while W may 
be varied almost at will controlling exposure, 
etching, etc. As discussed in Ref. [13], the 
maximum density is however achieved taking 
P=3W (2) 
and depositing on the bar of width wn-1 a 
conformal film of thickness sn given by 

11 2
1

2
1

−− == nnn sws , so that 

Wsw nnn 2
1== (3) 

While the repetition in additive way of n
SPTs per (bottom and top) layers magnifies the 
lithographically achievable cross-point density 
by a factor of (2n)2, the repetition in a 
multiplicative way gives a magnification of 22n .

This matter is discussed thoroughly in 
another paper [13]; rather, in this work we intend 
to discuss another property of SnPT×—the 
possibility of preparing self-similar features with 
sub-lithographic definition.  
 

3. The Multiplicative Route as a Technique 
for the Generation of Fractal Structures 

Imagine for a moment that, in spite of the 
atomistic nature of matter and of the inherent 
technological difficulties, the multiplicative route 
can be repeated indefinitely. Remembering that 
the (n + 1)-th step generates a set Sn+1 that is 
nothing but the one at the n-th, Sn, at a lower 
scale, the sequence {S0, …, Sn, …} defines a 
fractal; it will be referred to as multi-space set 
fractal. Assuming the scaling law above [Eq. 
(3)], this fractal is self-similar only if the height 
of each spacer varies with n as 2−n . Otherwise, if 
the structure scales only in one dimension or if 
its height scales with different law than in (Eq. 
(3)), the fractal is self-affine [16]. As mentioned 
above, the ‘spontaneous’ height decreases with n
(Eq. (1)) renders the fractal self-affine. A self-
similar fractal can be obtained at the end of 
process planarizing the whole structure with a 
resist and sputter etching in a non-selective way 
the composite film until the thickness is reduced 
to t 0/2 n.

It is however noted that even ignoring the 
technological factors, the atomistic structure of 
matter limits the above considerations to an 
interval of 1–2 orders of magnitude, ranging 
from few atomic layers to the lower limits of 
standard lithography.  
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Having clarified in which limits the set Sn
may be considered a fractal, it is interesting to 
compare it with other fractal sets. The prototype 
of such sets, and certainly the most interesting 
from the speculative point of view, is certainly 
the Cantor middle-third excluded set. Figure (2) 
compares sequences of three discrete processes 
eventually leading to the multi-spacer fractal set 
S and to the Cantor set C. The comparison shows 
interesting analogies: Take P = 2W; if 

13
1

−= nn Ww the measure of each multi-fractal-

step set coincides with that of the Cantor-step 
set. This implies that the multi-spacer fractal set 
has null measure. Similarly, it can be argued that 
the multi-spacer set, considered as a subset of the 
unit interval, has the same fractal dimension as 
the Cantor middle – third excluded set – 
ln(2)/ln(3) [16]. 
 

Fig. (2) Generation of the multi-spacer set (left) and 
of the Cantor middle-third excluded set (right) 
 

At each step the multi-spacer fractal set is 
characterized by a more uniform distribution of 
single intervals than the Cantor set; this makes 
the former more interesting for potential 
applications than the latter. In spite of that, trying 
to reproduce the Cantor set on the nanometer 
length scale seems of a certain interest. This is 
possible with existing technologies; as shown in 
Fig. (3), the process involves  
(C1) the lithographic definition of seed (formed, 
for instance, by poly-silicon) generating the 
Cantor set, 
(C2) its planarization (for instance, via the 
deposition of a low viscosity glass and its reflow 
upon heating), 
(C3) the etching of this film to a thickness 
controlled by the exposure of the original seed, 
(C4) the selective etching of the original film, 
(C5) the conformal deposition of a film of the 
same material as the original seed (poly-silicon, 
in the considered example) and of thickness 
equal to 1/3 of its width,  
(C6) its anisotropic etching, and 
(C7) the selective etching of the space seed 
(glass, in the considered example). 

Although the preparation of fractal structures 
may appear at a first sight nothing but a mere 
exercise of technology stressing, in the following 
we discuss some of their possible applications: 
(1) Systems biology, i.e. the study of the 
complex interactions in biological systems, is 
now overcoming the limits of molecular biology. 

Systems biology requires the knowledge of the 
cellular state at subcellular level (single 
constituting organelles: mitochondria, ribosomes, 
etc.). 
 

Fig. (3) A process for the generation of Cantor 
middle-third excluded set 
 

Sensing at this level, with space resolution in 
the deep sub-micrometer region, is impossible 
with CMOS devices, defined lithographically. 
Several attempts to overcome the CMOS limits 
are known [17,18]; fractal technology, being able 
to transform a smart lithographic pattern (i.e. 
designed to the wanted function) in itself at a 
much lower scale, seems suitable for such a 
purpose. In particular, a matrix formed by the 
Cartesian product of two Cantor sets [16] would 
have next-to-nothing contact area, thus providing 
sensing with minimum perturbation. (2) Super-
hydrophobic surfaces may be prepared 
controlling roughness and surface tension of non-
wetting surfaces [19-21]. Whereas surface 
tension is a material property, roughness can be 
controlled by the preparation. For instance, 
roughness may be imparted depositing a suitable 
relief on the surface. In this way, however, an 
amount of area is lost for other application. 
Although it is possible that the control of wetting 
properties does not require to manage geometries 
on the nanoscale, this loss may be minimized 
designing the relief in such a way as to have 
almost nil area (as in the example above). (3) If 
the S n PT is used for the preparation of crossbar 
structures for molecular electronics, the 
functionalization with organic molecules of the 
cross-points can only be done after the 
preparation of the hosting structure. According to 
the analysis of Ref. [22], this requires an accurate 
control of the rheological and diffusion 
properties in a medium embedded in a domain of 
complex geometry. Understanding how such 
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properties change when the size is scaled and 
clarifying to which extent the domain can indeed 
be viewed as a fractal (so allowing the analysis 
on fractals [23] to be used for their description) 
may be a key point for the actual exploitation of 
already producible nanometer-sized wire arrays 
in molecular electronics.  
 

4. Discussion 
Figure (4) shows in plan view a comparison 

between the following crossbars: 
(a) a 2×2 crossbar obtained by crossing 
lithographically defined lines; 
(b) a 16×16 crossbar obtained via S8PT+ starting 
from lithographically defined seeds separated by 
a distance allowing the optimal arrangement of 
the wire arrays;  
I a 16×16 crossbar obtained via S3PT× starting 
from lithographically defined seeds separated by 
a distance satisfying Eq. (2), and 
(d) a 16×16 crossbar obtained via S3PT× starting 
from lithographically defined seeds and 
arranging the process to generate the Cantor 
middle-third excluded set.  

Fig. (4) Plan-view comparison of the crossbars 
obtained (a) crossing lithographically defined lines, 
(b) using the lithographically defined lines above as 
seeds for S8PT+, (c) using the lithographically 
defined lines above as seeds for S3PT×, and (d) a 
Cantor middle-third excluded set using a minor 
variant of S3PT×. In each structure the square with 
dashed sides denotes a unit cell suitable for the 
complete surface tiling  
 

The figure has been drawn in the following 
hypotheses:  
1. The lithographic lines in (a) and (b) have 

width at the current limit for large-volume 
production, say W=65nm;  

2. The height loss τ is such that the maximum 
number of repetitions in the additive route is 
8, and the sub-lithographic pitch is the same 
as reported in Refs. [9,10]; and  
The lithographic width of I is chosen to allow 

the minimum pitch to be consistent with the one 

obtained with the additive route (W = 100 nm), in 
this way producing sub-lithographic wires with 
width (12.5nm) that has been proved to be 
producible [15]. 
Figure (4) shows that the multiplicative route 
succeeds in producing crossbars with cross-point 
density comparable with that achieved with the 
additive route, however, using a remarkable 
smaller number of SPT repetitions. To estimate 
the advantage of S n PT× over S n PT+, consider 
for instance the case of the repetition of three 
SPT× per layer. This would produce a 
magnification of the lithographic cross-point 
density by a factor of 23×23. Taking W=0.1µm, 
after 3 SPT× repetitions the spacer width should 
be of 12.5nm, with minimum separation of 
25nm. Taking into account Eq. (2), the cross-
point density achievable with the repetition of 
2×3 SPT× would thus be nearly the same as that 
obtainable with the repetition of 2 × 8 SPT+.

5. Conclusions 
Some fractals (Cantor set, Peano and Koch 

curves, etc.) were known in mathematics well 
before the construction of a comprehensive 
theory [16]. Actually, the theory of fractals 
affirmed as such that only after Mandelbrot 
observation many physical phenomena can be 
described, although approximately and on a 
limited length scale, as fractals [24]. 

The usefulness of fractal algorithm is well 
known: assuming that human hairpins can be 
described, at least approximately as fractals, the 
use of fractal generator, rather than of the whole 
image, would greatly simplify storage and 
transmission of the corresponding image.  

That real systems may be pictured as fractal 
set on the nanometer (and thus microscopic) 
length scale was first demonstrated by the 
analysis by Avnir, Farin and Pfeifer for the 
surfaces of several porous adsorbents [25-27]. In 
this work we have shown that the multiplicative 
route of the multi-spacer patterning technique 
allows the preparation of ordered fractals on the 
mesoscopic length scale.  

Although at this stage we have no ideas of the 
possible practical applications of fractal 
technology, we nonetheless believe that the 
possibility of preparing, without the use of 
advanced lithography, fractal structures at the 
mesoscopic scale opens a virgin field of 
applications. The above considerations are 
certainly highly speculative, but not so 
speculative as those contained in van Gulick’s 
paper in topochemistry [28], outlining 
applications currently not achievable at that time, 
but later demonstrated to be possible. 
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We have synthesized ZnS nano-crystalline (n-ZnS) powder using 
zinc acetate and thiourea from chemical route at different pH. The 
average crystal size is determined as 3-5 nm with the help of X-ray 
diffraction. The formation of ZnS has been confirmed with the help 
of infrared (IR) spectroscopy by observing bands corresponding to 
the multi phonon absorption. IR spectrum also confirms presence 
of the capping agent on ZnS. Thin films of ZnS have also been 
deposited on glass and quartz substrates from the solution using 
self-aggregation approach. Refractive index (n) of the films is also 
determined. The optical band gap is calculated from the Tauc’s 
extrapolation and is found to be dependent on pH of the bath 
solution. Electrical conductivity measurements have been done on 
these thin films and the activation energy has been calculated.      
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1. Introduction 
In recent years, properties of nanosized 

materials have generated a great deal of interest 
because of the science involved in these studies 
and technological applications of these materials. 
As the physical dimensions of the particle 
approach to the nanometer scales, quantization 
and surface effects begin to play an important 
role, leading to drastic changes in the measured 
properties [1]. Semiconductor nanoparticles have 
attracted much attention because of their novel 
electric and optical properties originating from 
surface and quantum confinement effects [2-5]. 
ZnS is a II-VI semi conducting material with a 
wide direct band gap of 3.65eV in the bulk. It has 
potential applications in optoelectronic devices 
such as blue light emitting diodes [6], 
electroluminescence devices and photovoltaic 
cells which enable wide applications in the field 
of displays [7-8], sensors and lasers [9]. In recent 
years, nanocrystalline ZnS attracted much 
attention because the properties in nanoforms 
differ significantly from those of their bulk 
counterparts. Therefore, much effort has been 
made to control the size, morphology and 
polycrystallinity of the ZnS nanocrystals with a 
view to tune their physical properties. Hence, 
there has been growing interest in developing 
techniques for preparing semiconductor 
nanoparticles and films. The wet chemical 
synthesis method is a simple and inexpensive 
alternative to more complex chemical vapor 
deposition (CVD) and physical techniques. The 

physical methods [10], which are commonly 
used for the fabrication of nanomaterials, have 
some resolution limits that restrict these 
techniques from reaching the nanometer scale. 
On the other hand, the wet chemical technique 
offers a simple means to synthesize such particle 
with good control of size and size distribution 
[11]. Therefore, the authors have decided tp 
prepare the n-ZnS powder and thin films with 
varying deposition parameter such as pH of the 
bath solution. Section 2 describes the 
experimental details. The results have been 
presented and discussed in section 3. The last 
section deals with the conclusion of this work. 

 
2. Experiment 
We have synthesized ZnS nano-crystalline 

powder from chemical route at different pH (=7, 
10, 12) with capping agent (tri-sodium citrate). 
Aqueous solution of ZnS has been prepared by 
dissolving a nominal amount of zinc-acetate, 
capping agent (tri-sodium citrate) and thiourea 
for sulfide ion source in 50 ml deionized water 
and the resultant mixture has been stirred at 
elevated temperature. The solid phase is isolated 
by filtration and finally dried in hot bath, from 
the residue solution. This solid phase consists of 
ZnS nano-crystals. Thin films have been 
deposited on cleaned glass, quartz substrates and 
KBr pallets for the optical, electrical and 
structural measurements. 

Crystallographic study has been carried out 
using a Phillips PW-1610 X-ray diffractometer 
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using CuKα radiation in the 2θ range from 10○ to 
70○. The IR spectrum is determined on a Perkin-
Elmer PE-Rx 1 FTIR spectrophotometer. The 
spectral resolution of the IR spectrophotometer 
was 1 cm-1 throughout the experiment. To study 
the optical properties of n-ZnS thin films, the 
transmission spectra are recorded using a double 
beam UV/VIS/NIR spectrometer [Hitachi-330] 
in the transmission range 300-1000 nm for all 
samples. The electrical measurements of these 
thin films were carried out in a specially 
designed metallic sample holder. A vacuum of 
about 10-3mbar is maintained throughout these 
measurements. Planar geometry of the films 
(length ~1.0cm; electrode gap ~8×10-2cm) is 
used for the electrical measurements. Thick In 
electrodes were used for the electrical contacts. 
Thickness of the film is measured as ~615nm 
with a profile meter. The electrical conductivity 
is noted manually from a digital picoammeter 
(DPM-11 Model). The accuracy in current 
measurements is typically 1pA. 

 
3. Results and Discussion 
3.1 Optical Properties 
Fig. (1) shows the XRD pattern of n-ZnS film 

deposited on the glass substrates (pH=12). The 
spectrum in Fig. (1) shows the diffraction peaks 
at 2θ values of 29.5○, 48.7○ and 57.5○ on the film 
deposited at pH=12. The highest intensity 
reflection peak is at 2θ=29.5○ [111], with two 
another small intensity peaks at 2θ=48.7○ [220] 
and 57.5○ [311] indicating that [111] is the 
preferred direction. The intensity of these peaks 
increases as the pH value decreases (results not 
shown here). The comparison of observed `d' 
values with standard `d' values [12,13] confirms 
the sphalerite cubic (zinc blende type) 
nanocrystalline structure of ZnS thin films. 
 

Fig. (1) XRD plot of n-ZnS at pH=12 
 

Information of the strain and the particle size 
are obtained from the full width at half maximum 
(FWHMs) of the diffraction peaks.  The FWHMs 
(β) can be expressed as a linear combination of 
the contributions from the strain (ε) and particle 
size (L) through the following relation [14] 

λ
θε

λ
θβ sin1cos +=

L
(1) 

Fig. (2) shows the plot of (βcosθ)/λ versus 
(sin θ)/λ for n-ZnS film at (pH = 12) which is a 
straight line. The reciprocal of intercept on the 
(βcosθ)/λ axis gives the average particle size as ~ 
4 nm. The particle size increases (4.6 nm and 5.4 
nm) as the pH value decreases from 12 to 10 and 
7 respectively. 
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Fig. (2) Plot between ((βcosθ)/λ vs. (sin θ)/λ for n-
ZnS film at pH=12 
 

Fig. (3) shows the IR spectrum of n-ZnS film 
deposited at the KBr pallet. The presence of the 
band in the spectrum at 714cm-1 confirms the 
formation of ZnS. Further bands at 1396cm-1 and 
1560cm-1 confirms the presence of capping agent 
trisodiumcitrate used for above study. The 
former band can be assigned to symmetric 
stretching of COO-, while the later band can be 
assigned to the asymmetric COO- [15]. Another 
band at 3322cm-1 can be assigned to OH 
stretching of trisodium citrate. The presence of 
the above mentioned bands indicate that 
trisodium citrate is bounded to the ZnS 
nanocrystals and it is arresting the growth of bulk 
crystals of ZnS. 

Optical properties are studied by recording 
the transmission spectra of the films. Fig. (4) 
shows the transmission data of n-ZnS thin films 
deposited at different pH. The value of refractive 
index has been calculated using the relation [16]: 
n = [{2nS (1-T)1/2 + nS (2-T)}/T]1/2 (2) 
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Fig. (4) Transmission curve of n-ZnS thin films 
 

Fig. (5) shows the plots of refractive index 
(n) vs. hυ for all three thin films deposited at 
different pH values of the bath solution. It is 
clear from the figure that the value of n increases 
as the value of hυ increases. It is also clear from 
these plots that the value of n increases as the 
value of pH increases (as the particle size 
decreases). This increase in the value of n may 
be due to the quantum confinement effect due to 
the decrease in the particle size. 

From the transmission data (see Fig. 4), 
nearly at the fundamental absorption edge, the 
values of absorption coefficient (α), are 
calculated in the region of strong absorption 
using the relation 







=

Td
1ln1α (3) 

The fundamental absorption, which 
corresponds to the transition from valence band 
to conduction band, can be used to determine the 
band gap of the material. The relation between α
and the incident photon energy (hν) can be 
written as [17] 

( )
ν

ν
α

h
EhA n

g−
= (4) 

where A is a constant, Eg is the band gap of the 
material and the exponent n depends on the type 
of transition 
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Fig. (5) Plots between n vs. hν

The n may have values 1/2, 2, 3/2 and 3 
corresponding to the allowed direct, allowed 
indirect, forbidden direct and forbidden indirect 
transitions, respectively. 

The value of optical gap is calculated by 
extrapolating the straight line portion of (αhν)1/n 
vs hν graph to hν axis taking n = 0.5. Fig. (6) 
shows the plots of (αhν)2 vs hν for the films 
deposited at different pH values. 
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Fig. (6) Plots of (αhν)2 vs. hν at different pH 
The correct values of the optical gap 

calculated from the figure are (3.40 ± 0.01) eV, 
(3.68 ± 0.01) eV and (3.80 ± 0.01) eV for the 
films deposited at different pH i.e. 7, 10 and 12 
respectively. The value of optical gap is found to 
decrease with the increase in the pH value. These 
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values of optical gap are inserted in Table 1. 
Clearly, the observed values of Eg are higher 
than the value of bulk optical gap of n-ZnS 
[(3.3±0.01) eV] [18] due to quantum 
confinement in the n-ZnS nanocrystallites.   

 

Fig. (7) Plots of ln σd vs. 1000/T of n-ZnS thin films 
at different pH 

 
Table (1) The electrical and optical parameters of n-

ZnS powder 

pH Eg (eV) 
(± 0.01) 

Particle 
size (nm) σd (Ω-1cm-1) Ea (eV) 

(± 0.01) 
12 3.80 4.0 (1.9 ± 0.02)×10-8 0.87 

10 3.68 4.6 (1.6 ± 0.02)×10-7 0.80 

7 3.40 5.4 (5.7 ± 0.02)×10-6 0.76 

3.2 Electrical Properties 
Fig. (7) shows the temperature dependence of 

dark conductivity (σd) of n-ZnS thin films 
deposited at different pH (12, 10 and 7). The 
electrical conductivity shows typical Arrhenius 
type of activation 







 ∆−=

kT
E

od expσσ (5) 

where ∆E is the activation energy for dc 
conduction and k is the Boltzmann’s constant. 

The values of σd, calculated using Eq. (6), are 
(1.9±0.02)×10-8 Ω-1cm-1, (1.6±0.02)×10-7 Ω-1cm-1 
and (5.7±0.02)×10-6 Ω-1cm-1 for the films 
deposited at different pH values 12, 10 and 7 
respectively. The value of σd increases as the 
particle size of n-ZnS increases. The increase in 
electrical conductivity and decrease in the 
activation energies as the value of pH decreases 
may be due to the change in structural 
parameters, improvement in crystallite and grain 
size, decrease in inter-crystallite boundaries 
(grain boundary domains) and removal of some 
impurities (adsorbed and absorbed gases).  

 
4. Conclusions 
n-ZnS powder as well as thin films have been 

deposited at different pH values of the deposition 
bath solution. These films have been deposited at 
different substrates. The particle size has been 
calculated using XRD data and found to be 4-6 
nm. FTIR data confirm the formation of ZnS 
nanoparticles. The optical band gap has been 
calculated using optical data and it is found that 
the band gap increases as the pH value increases 
which is due to the quantum confinement effect. 
Electrical conductivity measurements have been 
done and it is found that the dark conductivity 
increases and dark activation energy decreases as 
the particle size increases. 
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A computational investigation has been carried out on optical 
parametric oscillation (OPO) technique. Non-collinear phase 
matching between the pumping wave and the two generated signal 
and idler waves has been taken into consideration. In order to 
separate the two generated waves a design has been put forward for 
a resonator for each wave within the same cavity and interrelated by 
mirror that transmits the pumped laser beam. The cavity 
configuration takes into account the three types of phase matching 
between the three waves. Solid state lasers were considered for 
pumping the nonlinear crystal. Furthermore, attention has been 
paid on the solid state Er:YAG laser for pumping the positive 
uniaxial AgGaSe2 crystal to generate a signal wave of (8-12) µm 
wavelength so the generated idler wave from  3.82 to 4.55µm 
wavelength. 
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1. Introduction  
The infrared band is divided into four 

regions, short wavelength IR (SWIR) (1-3)µm, 
mid wavelength IR (MWIR) (3-5)µm, long 
wavelength IR (LWIR) (8-14)µm and very long 
wavelength IR (VLWIR) (14-24)µm spectral 
regions. Infrared technology has developed to a 
full-grown science, especially pushed by the 
explosive development of modern electronics 
and new detector materials’ development. The 
result is that high performance IR imaging 
systems and, range finder utilizing both (3-5)µm 
and (8-12)µm wavelengths has become available, 
due to the atmospheric effect. The bands of 
wavelength in the region (3-5)µm and (8-12)µm 
can be generated by using OPO technique. Ultra-
short light pulses have played an important role 
in quantum electronics research. The potential 
that optical bandwidth provide for ultrahigh 
speed scientific measurement, communication, 
and signal processing. 

An OPO that will be studied in the present 
work is schematically represented by a nonlinear 
crystal within an optical cavity. When the 
nonlinear crystal is pumped it provides gain at 
two different frequencies (signal and idler). 
When the gain overcomes the loss the device 
reaches threshold and oscillates. The OPO 
system described here provides a relatively easy 

to operate combination of high resolution and 
tunability in the infrared, visible, and ultraviolet 
that opens up some important areas in 
spectroscopy, and communication, that were 
previously. 

2. Performance Modeling of OPO 
The simple design was designed for 

parametric devices which described gain, 
threshold, phase matching and conservation 
efficiency as a function of device and input 
parameters. A parametric gain coefficient g for 
the amplification of the signal wave can be 
defined by [1-2] 

p
opisis

eff I
cnnn

d
g

ελλ
π 228

= (1) 

where Ip is the pump intensity, deff is the effective 
nonlinear coefficient, g connects the 
characteristics of pump, signal and idler fields. 

In each passage through the material the 
intensity gains by a factor of [3]: 

( )lgG exp= (2) 
where ℓ is the crystal length. 

For steady-state oscillation an amplifier must 
fulfill the oscillator condition. The intensity of 
the wave I, starting at point O, must be 
reproduced after a full round trip. All losses such 
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as absorption, scattering, and laser output must 
be fully compensated by the amplification [4]. 

The loss of the pump beam due to growth 
required to increase signal or idler power from 
the noise level Pn to the threshold level Ps is
defined as [5]: 











−








=

ctP
PL

ps

n
growth

lexp  (3) 

where the exponential term represents the round 
trip losses and tp pulse duration 

 
3. Suggested Cavity Design    
Single Resonant OPO (SRO) is the most 

common configuration for the mirror and 
resonator design, it is good conversion 
efficiency, and frequency and power output 
stability. These advantages more than offset the 
disadvantage of increased threshold relative to 
the Double Resonant OPO (DRO). The mode 
depends on the non-collinear phase matching. 
For non-collinear phase matching the direction of 
generated the signal and idler waves make an 
angle θ and φ, respectively with the optical axis 
of the nonlinear crystal. Hence one may split the 
two waves and design an SRO for each signal 
and idler wave. This means using two single 
resonant OPO instead of the double resonant. 
Thus there is good conversion efficiency, and 
frequency and power output stability for each 
wave. Further separation between the signal 
wave and the idler wave can be done without 
using an appropriate spectral filter or optical 
dispersive elements as shown in Fig. (1). 

Fig. (1) Optical parametric oscillation cavity 
 

Consider the propagation of light in the z-axis 
direction. The crystal in the OPO cavity is 
oriented at a polar angle θp. The first mirror R1
should be 100% reflective to the signal and idler 
waves and 100% transmitting the pump wave. 
The second mirror R2 reflects 90% of either 
signal or idler wave and transmits 100% the 
pump wave. The third mirror R3 should be 100% 
reflective to either the signal or idler wave. The 
combination of mirrors R2 and R3 is needed for 
signal and idler resonators. 

 

4. Computation Parts 
4.1 Direction of Generated Waves Results 
The crystal under consideration is the 

AgGaSe2 crystal; it is a positive uniaxial crystal. 
Er:YAG laser is considered for use as a pumping 
source, thus the pumped wavelength is 2.9µm. 
The band of the signal wavelengths which will 
be generated is (8-12)µm; however, the band of 
the idler wavelengths that will be generated is 
(3.82-4.55)µm, which is within the region (3-5) 
µm atmospheric window. 

At various pumping angles, the conversion 
efficiency of the crystal has been calculated for 
types 1 and 3 phase matching only because it 
found that the conversion efficiencies for types 1 
and 2 in a positive uniaxial crystal are equal [6]. 
Phase matched polar and azimuthal angles for 
signal and idler waves have been calculated for 
the three types. At the pumping polar angle 
θp=22.5o there is no phase matching between the 
pump, signal, and idler waves if the signal 
wavelength varies between 10µm and 12µm; 
however, at wavelengths 8µm and 9µm there is 
phase matching in types 1 and 3, as shown in 
Fig. (2) and (3), respectively. 

Fig. (2) Conversion efficiency versus ∆K for type 1 
phase matching at θp=22.5o for (8-12)µm signal 
wavelength 
 

The conversion efficiency of the 9um 
wavelength is higher than that for the 8µm
wavelength for both types of phase matching. 
Furthermore, the conversion efficiency at type 1 
phase matching is higher than that at type 3. 
Over the range of signal wavelengths under 
consideration, phase matching may occur as the 
pumping polar angle increases. Fig. (4) and (5) 
show that phase matching had occurred at 
θp=45o. Different values for the conversion 
efficiency have been obtained at different types 
of phase matching. At both types 1 and 3 phase 
matching the lowest conversion efficiency is 
found at λs=9µm and highest conversion 
efficiency at λs=12µm. However, type 1 gives 
rise to maximum conversion efficiency over the 



Iraqi Journal of Applied Physics 

 

All rights reserved ISSN 1813-2065 Printed in IRAQ 
 

37

whole range (8-12)µm of signal wavelength and 
(3.82-4.55)µm of idler wavelength. 

Fig. (3) Conversion versus ∆K for type 3 phase 
matching at θp=22.5o for (8-12)µm signal wavelength 

Fig. (4) Conversion efficiency versus ∆K for type 1 
phase matching at θp=45o for (8-12)µm signal 
wavelength 

Fig. (5) Conversion efficiency versus ∆K for type 3 
phase matching at θp=45o for (8-12)µm signal 
wavelength 
 

At the three types of phase matching when 
θp=22.5o, the various angles of the signal and 
idler waves shown in figures (6-9) hold a linear 
relationship with the signal wavelength (λs)
varying within the range (8-9)µm. 

Fig. (6) Signal polar angle versus signal wavelength 
within the range (8-9)µm for types 1, 2 and 3 phase 
matching at different pumping polar angles 

Fig. (7) Idler polar angle versus signal wavelength 
within the range (8-9)µm for types 1, 2 and 3 phase 
matching at different pumping polar angles 
 

It is seen that the phase matching type has no 
effect on the variations of the various angles with 
λs. The above mentioned plots exhibit a positive 
gradient except that of the idler polar angle θi
where the gradient is negative, i.e., θi decreases 
with increasing λs. In this case, the separation 
between the waves increases. Variation of the 
polar and azimuthal angles of the signal and idler 
waves with the signal wavelength over the range 
(8-12)µm at the three types of phase matching at 
θp>30o indicated that variations of θs, θi, φs and φi
with λs are not affected at type 1 and 2 of phase 
matching. The effect of type 3 is a little different; 
it introduces a small constant difference as λs
increases. It appears that increasing θp pushes the 
variations angles to vary in a more linear manner 
with λs irrespective of the phase matching type. 
The gradient of θs versus λs is positive whereas 
the graphs of  θi, φs and φi versus λs have a 
negative gradient. Since θs increases and θi
decreases with increasing λs, thus the separation 
between the signal and idler waves increases in 
the z-plane. As λs increases, φs increases in the –xy 
plane and φi decreases in the xy plane; their separation is 
constant equals to π.
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Fig. (8) Signal azimuthal angle versus signal 
wavelength within the range (8-9)µm for types 1, 2 
and 3 phase matching at different pumping polar 
angles 

Fig. (9) Idler azimuthal angle versus signal 
wavelength within the range (8-9)µm for types 1, 2 
and 3 phase matching at different pumping polar 
angles 
 

4.2 The Properties of the Designed Cavity 
The threshold pump intensity Ith is plotted in 

Fig. (10) as a function of signal wavelength λs at 
three types of phase matching are equals. 

Fig. (10) Variation of threshold pump wave intensity 
with signal wavelengths at 45o polar pump angle 
 

The figure suggests that the λs has a 
considerable effect on the threshold intensity. Ith 
reaches a minimum value of 0.5x1015W/cm2 at 

λs=8µm; it then increasing when λs increase. Ith
has a highest value of 1.4x1015W/cm2 at 
λs=12µm. The intensity of the signal wave are 
constant for the wavelength region (8-12)µm at 
3.2x1015W/cm-2 and idler wave were increased 
when the signal wavelength increased this is for 
pump intensity equal 10x1016W/cm2, as shown in 
Fig. (11). 

Fig. (11) Variation of signal and idler wave intensity 
with signal wavelengths at 45o polar pump angle 
 

The intensity of the idler wave is higher than 
that for signal wave. The maximum rise time was 
obtained when the pumped pulse duration in 
nanometer is 0.29µs at λs from 10.5µm to 11µm, 
i.e., longer wave. The shorter wave is 2.79µs at 
λs=8µm, as shown in Fig. (12). 

Fig. (12) Variation of signal and idler wave rise time 
with signal wavelengths at 45o polar pump angle 

 
5. Conclusions  
In the optical parametric oscillator system, 

consisting of a nonlinear crystal inserted in an 
optical resonator and pumped by an external 
laser source it appears that, the generated signal 
and idler waves from the cavity depend on many 
crucial factors. The type of laser source used to 
pump the nonlinear crystal with regarded to its 
intensity, wavelength and pulse duration highly 
affect the system. The intensity affects the 
generation of optical parametric oscillation; it 
must be within the range of the threshold 
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intensity for obtaining optical parametric 
oscillation and just below the intensity that 
would damage the nonlinear crystal. Both the 
wavelength and the direction of the pumped laser 
source affect the wavelengths and the directions 
of the generated signal and idler waves since the 
index of refraction depends on the wavelength 
and direction of propagation. The pulse duration 
of the pumped laser has its effect on the rise time 
and the pulse duration of the generated waves.  

In non-collinear phase matching there is a 
difference in the direction of the generated 
waves. Therefore, the separation between the 
signal and idler waves can be done (without 
using appropriate filters or optical dispersive 
elements) by introducing a single resonant for 
each signal and idler wave in the same cavity. 
The cavity in this case will be more stable and 
have good conversion frequency for both the 
signal and idler waves.  

Infrared technology has developed by using 
OPO technology. OPO can be used to generate 
band of wavelength in the region (3-5)µm and 
(8-12)µm. The conversion efficiency of the 
nonlinear crystals differs for different generated 
wavelength at each pumping angles. If the crystal 
was oriented in different angles, maximum 
conversion efficiency can be obtained for each 

generated wavelength at different types of phase 
matching. 
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