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ABSTRACT 

We propose a novel analytical model to describe the drain-source current as well as gate-source of single-electron tran- 
sistors (SETs) at high temperature. Our model consists on summing the tunnel current and thermionic contribution. This 
model will be compared with another model. 
 
Keywords: Single-Electron Transistor (SET); Master Equation; Orthodox Theory; Tunnel Current; Thermionic Current; 

SIMON 

1. Introduction 

The phenomenal success of semiconductor electronics 
during the past three decades was based on the scaling 
down of silicon field effect transistors (MOSFET). The 
most authoritative industrial forecast, the International 
Technology Roadmap for Semiconductors (ITRS) [1] 
predicts that this exponential progress of silicon MOS- 
FETs and integrated circuits will continue at least for the 
next 15 years (“Moore’s Law”) [2]. However, prospects 
to continue the Moore law, a very important device: the 
single-electron transistor was first suggested in 1985 and 
first implemented two years later. This device attracted 
much attention because of their nano feature size and less 
power consumption. Moreover SETs are suitable for 
several applications such as memories, multiple-valued 
logic (MVL)… due to the discrete number of electrons in 
a coulomb island. 

SETs characteristics are very different from those of 
MOSFETs. In both of them, electrostatic effects are 
dominant, but, due to the existence of Coulomb blockade; 
electrons are not so free to move from source to drain, 
due to of tunnel junctions. The Coulomb blockade effect: 
that is the electrostatic repulsion experienced by an elec- 
tron approaching a small negatively charged region, lim- 
its the number of electrons in the island. As a result, for 
given values of gate and drain voltages, only a range of 
charge is possible for tunneling. 

Our day extensive research has been conducted on 
fabrication, design, and modeling of SET, that has also 
been an active area. Monte Carlo simulation has been 
widely used to model SETs. SIMON [3] and MOSES [4] 
are two most popular SET simulators for circuit analysis 

and systems containing more than a few SETs but vali- 
dated in ambient temperature range. Several SET ana- 
lytical models, each of them based on the orthodox the- 
ory, can notably name the models proposed for metallic 
SETs by the following:  
 Uchida et al. [5] proposed an analytical SET model 

for resistively symmetric devices (RS = RD) and valid 
for DSV e C , later Inokawa et al. [6] extended 
this model to asymmetric SETs but does not account 
for the background charges effect. 

 Recently a compact analytical model (named MIB) [7] 
for SET device, which is applicable for 3DSV e C  
and wide-range of temperature, and valid for single/ 
multiple gate symmetric/asymmetric device, is taken 
that the only one direction flow to minimize the num- 
ber of exponential terms. MIB model can be used for 
both digital and analog SET circuit design and for 
both pure SET and hybrid CMOS-SET circuit simula- 
tion.  

CΣ represents the total capacitance of the SET-island: 

1 2S D G GC C C C C              (1) 

CG1, CG2, CD and CS represent the capacitances of first 
gate, second gate (when exists), tunnel drain and tunnel 
source junctions respectively.  

Two conditions ensure that the transport of charges 
through the metallic island is governed by: 

1) Charging the island with an additional charge takes 
the time Δt = RTC, which is the RC-time constant of the 
quantum dot.  

2) The charging energy required to add a single elec-
tron with charge e to the quantum dot is: ΔEC = e²/CΣ. 
The system will respect Heisenberg’s uncertainty relation: 
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ΔECΔt > h, which leads to: RT > h/e² ≈ 26 kΩ. Where e is 
electronic charge and h is Planck’s constant. This condi-
tion is needed to make the charge on the island a well- 
defined quantity. 

3) Another necessary criterion to observe in single- 
charge-tunneling effects, the charging energy EC = e²/CΣ, 
must be much greater than the thermal fluctuations en-
ergy Eth = kBT ≈ 25 meV, to add an electron to the island. 
Where kB is Boltzmann’s constant and T is the tempera-
ture. mailto:aimen.boubaker@insa-Lyon.fr. 

2. Model Description 

2.1. Tunnel Current Calculation  

In this section, we will only consider a system with a 
double-junction that is made of normal metals for which 
the free energy will be determined. The energetic con-
siderations are important because, if one knows how to 
calculate the change in the system’s free energy ΔF for a 
tunneling event, then one can calculate the rate at which 
this particular process occurs. When the leads and the 
island are normal metals, and once all of the tunneling 
rates are known, the tunneling current through the device 
can be determined. For the case of electron transport 
through the SET, let us consider the tunneling between 
two electrodes separated by a barrier. The Fermi energies 
of the two electrodes are offset from each other by an 
amount VDS = eV.  

With some approximations the calculation allows us to 
obtain the rate from the source state to the drain state 
According to the orthodox theory [8-10], can also write 
the tunneling rate in a more general form: the free energy 
ΔF = –eV , that is:  

 
 2 1 expT

F
F

R e F


  
    

      (2) 

where β–1 = kBT is the thermal energy. 
The tunneling rate in the reverse direction is simply 

obtained by reversing the sign of the bias voltage. 
The current in the device is due to the sequential tun- 

neling of electrons through the source and drain junctions 
simultaneously. The cotunneling phenomenon is ignored. 

Assuming no charge accumulation on the island at 
steady state, one can determine the probability p(n) by 
requiring the total probability of tunneling into a state to 
be equal to the total probability of tunneling out of it. 
The master Equations (8)-(10) to determine p(n) is: 

 

   

1 1 1 1 1 1
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n
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  (3) 

Γn+1,n is the tunneling rates from the state (n) to the 
state (n + 1) and Figure 1 describes the electron transi-
tion between different states of SET and illustrates the 

concepts of the tunneling rates. 
Here we assume that the electron tunneling rate toward 

the positive potential is much higher than the electron 
tunneling rate in the opposite direction.  

Allows to find the probability p(n), the idea is to con- 
sider the location of the translated point inside the stable 
zone, set of states [–N, N] are needed to determine the 
current depending on the values of VDS, and take advan-
tage of the periodicity of VGS, then we calculate p(n) for n 
 [–N, N]. The approach simply consists in calculating 
the number N and how much the point is translated along 
VGS direction: 

1
2

DSV
N

e C

 
   

 
                (4) 

where C is the floor function. If 3DSV e C , the cal- 
culated N is then 2 and the current expression is: 
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     (5) 

To determine p0 (and then calculate all the probabili- 
ties) can be solved subject to the normalization condi- 
tion: 

  1
n

p n                   (6) 

2.2. Thermionic Contribution 

Now we will add the contribution of the thermionic cur- 
rent [11] and the total current between drain and source 
electrodes; where the source is connected to ground; is 
given by: 
 

 1n 


 1D n 


   G Gn n  
 

   D Dn n  
 

 1D n 


 1G n 


transfert n + 1→n 

transfert n→n ± 1 

transfert n–1→n 

P(n + 1) 

P(n) 

P(n – 1) 
 

Figure 1. The inflow and outflow electron through the is-
land with suitable concepts of tunneling rates between left 
electrode (G) and right electrode (D). 
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(8) 

where:  
 A: is the Richardson constant; 
 kB: is the Boltzmann’s constant;  
 h: is the Planck’s constant;  
 S: is the area of the junction; 
 m0: is the free electron mass; 
 mox: is the mass of the electron in the oxide; 
 φ0: is the height of the potential barrier; 
 l: is the thickness of the oxide; 
 ε0: is the vacuum permittivity;  
 εr: is the relative permittivity of the dielectric. 

3. Results and Discussion 

3.1. Verification with Dubuc et al. Model 

In order to validate our model, the I-V, we have taken as 
a benchmark, the same conditions and parameters of the 
SET realized at the University of Sherbrook [12,13], de-
scribed in Table 1 such metallic devices which are made 
with Ti and TiOX tunnel junctions can run at relatively 
higher temperature. 

From Table 1 we can deduce that CΣ = 0.35 aF, Tmax = 
530 K and –1.37 V ≤ VDS ≤ 1.37 V. For T = 300 K the 
charging energy EC = e²/2CΣ ≈ 0.45 eV > 10 kBT. The 
comparison was established between our model and the 
model of Dubuc et al. [14]. Figure 2 shows the evolution 
of the IDS vs. VDS of Dubuc model with our model, the 
two results are in good agreement with the experiment 
data with a shifting. 

For VDS ≥ 0.6 V the transport of electron is still by 
thermionic effect, so the electrons have sufficient energy  
 
Table 1. Electronic parameters description of the SET, ma- 
nufactured from titanium and its oxide [12,13]. 

Description Value 

Junction area 
Dielectric thickness 

Ti/TiOX barrier height 
Effective electron mass in TiOX 

TiOX dielectric constant 
SET drain capacitance, CD 

SET source capacitance, CS 

SET gate capacitance, CG 

SET drain resistance, RD 

SET source resistance, RS 

10 nm × 2 nm 
8 nm 

0.35 eV 
0.40*m0 

3.5 
0.06 aF 
0.06 aF 
0.23 aF 

4.5 × 107 Ohms 
1.5 × 107 Ohms 

 
(a) 

 
(b) 

Figure 2. IDS-VDS curve simulated with: (a) The Dubuc model 
at 296 K (▲), 336 K (●) and 430 K (■). VGS = 0 V. The ther- 
mionic contribution (dashed line) to the total drain current 
model at 433 K (continuous line) is shown in the inset graph 
and [14]; (b) IDS-VDS verification of our model. 
 
to blow up the energy barrier was created by the tunnel 
junction. On the other hand the Coulomb staircase is 
transformed to an, practically, continuous regime in this 
field the transfer become by flow and not by packet. 

The increase is observed indicating a switch of the 
dominant transport mechanism. For VDS ≤ 0.6 V the tun-
neling current is predominant. Since this value, the ther- 
mionic emission can be assumed as the dominant trans- 
port mechanism, and suppresses tunneling effects. The 
temperature is one of the de-coherence factors, as it usu- 
ally tends to reduce the impact of the quantization of the 
energy. Also note that as the temperature increases, so 
does the current amplitude.  

We have also simulated the VGS vs. IDS curves of single 
electron transistor with ours model at 336 K for different 
VDS values Figure 3. The result of simulation is shown as 
Figure 3. The Coulomb blockade phenomenon persists 
at high temperature. The effect of VDS voltage is to modu-
late the depth of quantum well that is describe, in the  
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Figure 3. Coulomb oscillations of SET obtained by our 
model with the parameters in Table 1 at T = 336 K for dif-
ferent VDS voltages. 
 
curve by a non-zero current for VGS = 0 V and the gate 
starts to lose control over the drain current. Contrariwise, 
in the Dubuc model, the gate-current was not established. 

4. Experiment Results 

Because of the wave nature of electrons, some of the out- 
going electrons are reflected when they reach the drain, 
which reduces the density of emission current; this may 
explain the shifting between the theoretical curves and 
the experiment curves. We can compensate this by in- 
troducing a new physical term that introduce acceptable 
physical effects and associated directly to the structure of 
the transistor. 

But recent models for thermionic emission assume a 
spatial distribution of the barrier height to take the inho-
mogeneities of the charges in the interface into account; 
the barrier height will have a temperature dependence 
which can be described by an effective potential barrier 
φ* [15]. However, the effect of temperature on device- 
size must also be taken into account; then area S in Equa-
tion (9) will defined a newly effective area 1 i.e. impact 
of the dot size dispersion on the thickness. At high tem- 
perature dependence on IDS is hypothesized as the reason 
why thermionic emission was observed only for T > 300 
K. 

Figure 4 reproduces the Coulomb staircase, and shows 
results for our two empirical values of α (α = 1 and α = 
10) for T = 296 K and 336 K. 

Now, is clearly, our model gives an accurate result 
when compared the experiments ones. It is clear that the 
rates outside the range of validity of model have to be 
modified for negative bias. Since the model considers 
only that the two most-probable charging states and the 
probabilities of taking these states p(n) and p(n + 1) are 
already know and one direction flow. The difference is 
more clear in the reverse bias region, (IDS,min for the two  

 
(a) 

 
(b) 

Figure 4. IDS-VDS empirical model validation (a) for T = 296 
K we have chosen α = 10; and (b) for T = 336 K we have 
chosen α = 1. 
 
curves plotted in Figure 4 are the same 10 nA) demon-
strating the excess current that can be attributed to image 
force lowering to tunneling currents through the barrier. 

5. Conclusion 

A physically based analytical SET model within the or- 
thodox theory is developed for to describe the phenom- 
ena at high temperature. This new model can reproduce 
not only the transport property in low and high tempera- 
ture but also the effects of structure parameters with good 
agreement for wide gate and drain bias. Modeling and 
simulation of SET are very important to understand be- 
havior, and characteristic before start fabricating the de- 
vice. 
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ABSTRACT 

Multi Tunnel Junctions (MTJs) have attracted much attention recently in the fields of Single-Electron Transistor (SET) 
and Single-Electron Memory (SEM). In this paper, we investigate a nano-device structure using a two one dimensional 
array MTJs connected to the basic Single Electron Circuits, in order to analyze the impact of physical parameters on the 
performances and application of this structure. The device generates can operate at room temperature. The simulation of 
single-electron circuit demonstrates with Monte Carlo simulator, SIMON. 
 
Keywords: Multi Tunnel Junctions (MTJs); Coulomb Blockade Effect; Effective Capacitances; SIMON Simulator 

1. Introduction 

As the semiconductor device feature size enters the sub- 
50-nm range, two new effects come into play. One is the 
quantum effect, which is rooted in the wave nature of the 
charge carriers, and gives rise to non classical transport 
effects such as resonant tunneling and quantum interfer-
ence. The other is related to the quantized nature of the 
electronic charge, often manifested in the so-called sin-
gle-electron effect: Charging each electron to a small 
confined region requires a certain amount of energy in 
order to overcome the Coulomb repulsion; if this charg-
ing energy is greater than the thermal energy, kBT (kB: 
Boltzmann constant, T: temperature), a single electron 
added to the region could have a significant effect on 
other electrons entering the confined region. 

Single-Electron Transistors (SETs) operate using a 
Coulomb blockade, which occurs in tiny structures made 
of conductive material due to electrostatic interactions 
between confined electrons. There are basically two types 
of SET application: memory devices [1] and logic func-
tions have been proposed [2]. The small size is especially 
important for memory devices; memory cells have to be 
small to achieve a greater degree of integration.  

Since the very early demonstration of the single-elec- 
tron charging effect [3] a number of advances has been 
made. Low temperature experiments on the single-elec- 
tron turnstile [4] have established and proven their work- 
ing principle. Single-electron devices have also been 
applied to metrology, where a Coulomb blockade ther- 
mometry has been proposed [5]. 

For the future ultimate application of SETs, we must 

first succeed in the manipulation and the detection of a 
single electron. Basic demonstrations of single-electron 
transfer devices have been achieved at low temperatures, 
and some have even been realized at room temperature 
[6,7]. 

Raising the operating temperature as high as room 
temperature means that we have to reduce the island size 
of the order of a few nanometers. Although this is a 
challenging issue, some devices have been demonstrated 
that clearly and conclusively operate at room temperature 
through the use of recent rapidly developing nanotech- 
nologies. The results provide excellent prospects for the 
future practical application of SETs. 

The Multiple-Tunnel Junction (MTJ) consists of a one 
chain of nanoscale islands and tunnel junctions. In such a 
system, the single-electron charging of each island, and 
the effect of excess electrons on the polarization of 
neighboring tunnel junctions, modifies the Coulomb 
blockade region, and the I-V characteristics of the system. 
Furthermore, the single-electron charging energy of an 
island embedded within a chain of islands and tunnel 
barriers is also increased somewhat. The effective total 
capacitance of the system can be decreased and hence the 
charging energy EC and operating temperature Tmax in-
creased within the same fabrication technology by re-
placing the single junction of the transistor with short 
one-dimensional (1D) arrays. This raises the maximum 
temperature where single-electron effects are observed, 
in comparison with a simple double tunnel junction of 
similar island capacitance. 

In this paper, we will concentrate on the I-V character-
istics of one 1D-MTJs and tow 1D-MTJs. 
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2. Theory  

2.1. Cell Design and Description 

Figure 1 shows the circuit diagram for a two 1D MTJ 
with (M − 1) islands, and M tunnel junctions in first line, 
and (P − 1) islands, and P tunnel junctions on the second 
line. The islands are separated from each other and from 
the source and drain regions at the ends, by tunnel junc-
tions with capacitance C. The remaining capacitance of 
each island is represented by C, and a bias V is used to 
inject electrons into the MTJ. The source is connected to 
the ground. Thus will reduce the error to the order 1/MP, 
where M and P are the number of junctions in parallel 
and in series respectively. For numerical calculations, we 
used our universal single-electronics simulation program 
SIMON [8,9] based on a Monte Carlo approach. 

The oxide layer separating the two MTJs is shown in 
Figure 1 by a capacitor Cox. Such as approximate ex- 
pression of the capacity of oxide: 

0

d
r

ox

S
C

 
               (1) 

The dynamics of the system are governed by the fol-
lowing equation which gives the tunneling rate of an 
electron in each one of tunnel junctions by using the “or-
thodox theory” [10] of single electron tunnelling:  

 
1

² 1 exp

ij
i j

T ij B

F

e R F k T



 

 
        (2) 

where ΔFij = ΔFi – ΔFj = –eVds is the difference between 
the free energy of the initial and final states, where Vds is 
the source voltage, and RT is the tunneling resistance of 
the junction. The tunneling rate of global system it is: 

1 2
' 'i j i j

M P
                (3) 

where Γ1,2 denote the first and second arrays respectively. 
The sum is made on the M and P MTJs. The theory of 
uniform one 1D arrays of tunnel junctions is well devel- 
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Figure 1. A circuit diagram of tow one-dimensional array of 
tunnel junctions. Junction i is characterized by its tunnel 
resistance RT,i and capacitance Ci in parallel and islands 
have a oxide capacitance Cox,i . 

oped for the case of low temperatures, kBT << Ech = e²/CΣ 
[11,12]. When the temperature becomes so high that the 
energy scale of thermal fluctuations kBT exceeds of the 
single-electron addition energy Ec, these fluctuations 
smear the Coulomb blockade, making the operation of 
the transistor impossible. The Monte Carlo simulations 
show that the tunnel junction capacitance C which is 
used in the equations for one 1D array should be replaced 
in the two 1D case by an effective capacitance Ceff which 
is higher than the real capacitance.  

Experimentally, MTJs with constant values of C and 
Cox have been fabricated mainly using metal islands [13]. 
An important property of the two 1D array is that it can 
be fabricated with lower resistance than a one 1D array, 
even if it contains many junctions in series. For a good 
functioning of the structure and to avoid degradation of 
the system we must choose a high number of junctions 

The charging energy of the island creates an energy 
barrier which blocks the entrance of electrons into the 
MTJ so that multistable states of different numbers of 
electrons can be formed. The MTJ is also important in 
suppressing co-tunneling effects; that is, electron tunnel-
ing simultaneously across more than one junction. 

2.2. Physicals Parameters  

The tunneling occurs through one tunnel junction and the 
simultaneous tunneling of electrons across the other 
junctions is neglected. When the tunneling through 2M 
(M = P) junctions is considered, the other junctions be-
have simply as capacitors. The effective capacitance Ceff 
at island is given by:  

eff i oxC C C                 (4) 

where  

2

2 1i

M
C C

M
    

              (5) 

In an infinite 1-D array, the capacitance between two 
neighboring islands is exactly twice the capacitance of 
the tunnel junctions, and this is the reason that the offset 
voltage is a factor of 2 lower in a two 1-D array com-
pared to a one 1D array. 

For the kth island, the potential is given by: 

k
eff

e
V

C
                  (6) 

This may be used to write the potential at the (k – 1)th 

island.  
The effective charging energy, Ec,MTJ is defined simi-

larly to the usual charging energy, except the physical 
capacitance is replaced with the effective capacitance: 

2

, 2ch eff
eff

e
E

C
                  (7) 
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Applying a large enough voltage V will inject a elec-
tron into the MTJ, and a current begins to flow. The 
threshold voltage when this occurs is given by:  

th
eff

e
V

C
                   (8) 

The value of the threshold voltage is low compared to 
the voltage corresponding to the sum of the individual 
charging energies of the islands. This is because the ap-
plied voltage drops more across the first junction, closest 
to the voltage source, due to the presence of the stray 
capacitance Cox at the first island. We have further-more 
assumed that the offset voltage of a two one dimensional 
arrays of tunnel junctions is: 

offV  =
4

Ne

C
               (9) 

3. Simulation Results  

3.1. I-V Characteristic 

We will now consider the I-V characteristics of the two 
1-D MTJs. As the bias V increases, the number of transi- 
tions in the MTJs increases (Figure 2(b)). We consider a 
simple two island MTJ, where the electron numbers on 
the islands are n1 and n2 respectively. The charge state of 
the MTJ without any extra electrons may be expressed as 
(n1, n2) = (0, 0) [14]. When a bias V > Vth is applied, an 
electron tunnels onto the first island, creating the state (1, 
0). This electron can then move through the MTJ, 
through the states (0, 1) to (0, 0) as it leaves the MTJ. 
However, as the applied voltage is increased, other tran-
sitions become possible, e.g. one may transition from the 
state (0, 1) either to the state (0, 0) or to the state (1, 1). 
These additional transitions lead to an increase in the 
current. For a longer MTJ, larger numbers of transitions 
are possible.  

The theoretical results presented give that Ceff = 0.52 
aF; Ceff is lower than the total capacitance attached to an 
island 2CT + Cox = 0.8 aF; and Ech,eff = 0.15 eV = 6 kBT 
(kBT = 0.025 eV at 300 K), this proves that the charging 
energy is much higher than the thermal energy. Therefore 
increase the number of tunnel junctions network can 
overcome the effect of low capacity and temperature 
operating. The staircase is typically irregular, with varia-
tion in the step heights and widths. The blocking region 
is more important, also when the number of junctions 
increases for 2 × 7 MTJs. The threshold voltage is 0.3 V 
from (Equation (8)), and from the curve it is ~0.4 V. The 
current I it changes from ~1 nA (7 MTJs in parallel) to ~ 
5.2 nA for 3 MTJs. 

For the effects of bias voltage Vds, we find that it has a 
more effect on the electron tunneling than that of the one 
single electron tunneling, i.e. Single-Electron Transistor 
(SET), at some favored value more than of the Coulomb 

blockade voltage.  
Also, the tunneling rate of global system has a new 

factor so that: '     where α is factor which de-
pend on the effect of stray capacitor; with stray capaci-
tances, the change of the Gibbs free energy due to the 
cotunneling process.  

A typical result (Figure 3) has shown that the main 
effect of the stray capacitances is to reduce the threshold  
 

 

MTJ1 

MTJ2

 
(a) 

 
(b) 

Figure 2. A SIMON (a) equivalent circuit of a device with 
two 1-D MTJs consisting of 10 islands and 11 MTJs with C 
= 3 × 10–19 F, Cox = 2 × 10–19 F and RT = 40 MΩ. C, Cox, and 
RT represent the tunnel junctions capacitance, oxide ca-
pacitance, and tunnel resistances, respectively; (b) Drain 
current vs. source-drain voltage characteristics at T = 300 K. 
3, 4, 5, 6 and 7 MTJ denote the number of tunnel junctions 
in each array. 
 

 

Figure 3. Stray capacitor (Cs) effect on the drain current of 
two 1-D device at 300 K. 
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voltages, whereas it has very little effect on the magni-
tude of the tunneling current [15,16]. In general, when 
the stray capacitances increase, the I-V curve of the sin-
gle-electron device is shifted towards the low-voltage side. 

3.2. Temperature Effect on Device 

Figure 4(a) show the behavior of I-V at 4.2 K and 300 K 
for one dimensional and two dimensional arrays respec-
tively. At low temperature the curve exhibited no current 
in the range of applied voltage from 0 to 0.3 V for two 
1-D arrays; the Coulomb blockade (CB) region but for 
one 1D we do not observe clearly the CB zone. However, 
at room temperature for one dimensional device showed 
a linear increase even in the zero bias regions, on the 
other hand, for two one dimensional structures we can 
perceiving the transistor performance. This means that 
electron tunneling was suppressed because the charging 
energy of the nanoparticle was sufficiently larger than the 
thermal fluctuation energy at 300 K. 

Then we have tried to see the effect of temperature on 
the two 1-D device Figure 4(b), the CB zone is con-
tracted when the temperature increase. The conduction 
current is activated at higher temperatures even at low 

temperature, and the I-V curve is not looks ohmic attitude. 
Also the increase in the temperature increase the conduc-
tivity and this due to excited states of the array that are 
thermally populated, which contribute to the current. 

The clear Coulomb staircase suggests a strong asym-
metry in the junctions along the MTJ, and this may be 
modeled by means of a random variation in the tunnel 
junction resistances RT, associated with the observed 
variation in nanocrystal separation.  

3.3. Device Function with Two Gate Voltages 

For the applications of that structure, such as the multiple 
value logic (MVL) circuits [17], logic memory circuit 
[18] and hybrid SET-MOS [19], we need to have a gate 
or multi-gates allows more than two levels of logic. So 
we have added to the circuit in the Figure 2(a), two gates 
for each array; generally the two gates, one gate is used 
as voltage input port and the other gate is used as thresh- 
old voltage adjusting port. Single-electron current oscil- 
lations are observed in the Ids-Vgs characteristics Figure 5 
without degradation like we have a simple SET, the os-
cillations persist up to 300 K with an unchanged period. 
The oscillation periods increase when the temperature  

 

    
(a)                                             (b) 

Figure 4. Monte Carlo simulation of the Ids-Vds characteristics (a) of one and two 1D-MTJs at 4.2 K and 300 K; (b) Tempera-
ture effect on two 1D with 7 MTJs in parallel. 
 

    
(a)                                                (b) 

Figure 5. Periodic single-electron oscillations in the Ids-Vgs characteristics of two one dimensional arrays with M = P = 6, (a) 
At a constant value of T = 300 K as temperature is varied; (b) At a constant value of Vds = 0.3 V as temperature is varied. 
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and drain-source voltage are increased, and decrease when 
the T and Vds are decreased. 

The decrease in the oscillation period with increasing 
width implies an increase in the island capacitance. This 
is because the gate-islands capacitances (Cs) now are 
associated with the part of the electric field between the 
gates and island which passes through the oxide. The 
effect of the quantum dot size can be observed directly in 
the single-electron characteristics, as this is proportional 
to the island capacitance and therefore determines the 
Coulomb gap and the current oscillation period. 

4. Conclusion  

We have studied the temperature influence on one of 
promising single electron system that consists of two 
parallel 1D arrays. A Monte Carlo simulation showed 
that the stray capacitor C0 the coupling capacitor Cox, and 
the bias voltage Vds play important roles to determine the 
electron transport on the system. On the other hand the 
tunneling rate of the system, the charging energy, and the 
temperature has a direct influence on the Ceff values. Fi-
nally, the obtained results are very interesting which give 
insight into the behavior of the tow one-dimensional with 
both arrays (2M) should provide guideposts for future 
implementation of logical memory circuits. 
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ABSTRACT 

In this article, we will report an experimental evidence of enhanced LIBS emission upon replacing a Bulk-Based ZnO 
target by the corresponding Nano-Based target. The plasma was initiated via interaction of a Nd:YAG laser at the fun-
damental wavelength with both targets in open air under the same experimental conditions. The measurements show an 
enhanced emission from the Zn I-lines at the wavelengths of 328.26, 330.29, 334.55, 468.06, 472.2, 481.01, 636.38 nm. 
The measurements were repeated at different delay times in the range from 1 to 5 μs at constant irradiation level and 
fixed gate time of 1 μs. The average enhancement over the different Zn I-lines was found increases exponentially up to 
8-fold with delay time. The electron density to each plasma was measured utilizing the Hα-line appeared in the emitted 
spectra from each plasma and was found to give similar values. The electron temperatures were measured via Boltz-
mann plot method utilizing the relative intensities of the Zn I-lines and were found to give very close values. Moreover, 
the relative population density of the ground state of the zinc atoms (relative concentration) was measured spectro-
scopically utilizing the Boltzmann plot method and was found to increase in a very similar trend to that of enhancement. 
The results of the spectroscopic analysis conclude that these signal enhancements can be attributed to the higher con-
centration of neutral atoms in the Nano-Based material plasma with respect to the corresponding Bulk-based ZnO mate-
rial. 
 
Keywords: LIBS; Enhancement; ZnO Nonmaterial; Hα-Line; Zn I-Lines; Spectroscopy 

1. Introduction 

LIBS (acronym standing for laser induced breakdown 
spectroscopy) is one of the potential growing fields of 
analytical applications. It was successfully used for ele- 
mental analysis [1], quality of metal industry [2], clean- 
ing [3], studying of old archeology [4], characterization 
of soils [5] and in jewelry industry [6]. This passive 
spectroscopy technique is based on utilizing the light 
emitted from plasma, assuming that the emitted radiation 
is sufficiently influenced by the plasma properties [7,8].  

However, the relatively small signal to background ra- 
tio presents one major problem which imposes a limita- 
tion on the use of this technique, hence the poor the abil- 
ity of the LIBS technique to detect the very small con- 
centration of the different matrix elements [9,10]. Diffe- 
rent techniques were devised to overcome this diffi- 

culty, such as the double pulse technique [11,12] in 
which the target material is irradiated by consequent 
double laser pulses separated by a certain delay time. 
Moreover, the introduction of the femtosecond laser 
source provides one basic advantage, which is the very 
small continuum component appeared under the emitted 
lines from plasma, hence the better the signal to back- 
ground ratio [13,14]. 

On the other hand, the nanomaterials are categorized 
as those which have structured components with at least 
one dimension less than 100 nm [15]. Two principal fac- 
tors cause the properties of nanomaterials to differ sig- 
nificantly from bulk materials namely; the tremendous 
increase in the relative surface area and the quantum ef- 
fects. These factors can substantially change and/or en- 
hance the well known bulk properties, such as chemical 
reactivity [16], mechanical strength [17], electrical and 
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magnetic [18] and optical characteristics [19]. As a parti- 
cle size decreases, a greater proportion of atoms are 
found at the surface compared to those inside [15]. The 
quantum effects can begin to dominate the properties of 
matter as its size is reduced to the nano-scale. Therefore, 
nanoparticles are of interest because of its inherent new 
properties when compared with larger particles of the 
same materials. For example, titanium dioxide and zinc 
oxide become transparent at the nano-scale however they 
are able to absorb and reflect UV light [20]. 

The accelerating progress in the field of nanomaterial 
science may provide a new facility to reach signal en-
hancement. To the best of our knowledge no work has 
been done in a systematic manner to examine the optical 
signal emitted from the laser produced plasmas utilizing 
nanomaterials base targets instead of bulky ones.  

In this work we will demonstrate the ability of com-
bining the LIBS technique with Nano-Based materials 
(used as a target) to get strong enhanced optical signals.  

2. Experimental Setup 

The experimental setup is shown in Figure 1(a). The 
irradiation system comprises a Nd:YAG laser able to 
deliver an energy of 650 mJ/pulse at the fundamental 
wavelength 1064 nm, at constant duration of 5 ns. The 
detection system consists of an SE-200 echelle type 
spectrograph equipped with time control iStar®-ICCD 
camera. The emitted light from plasma is spatially inte- 
grated and collected at the entrance hole of spectrograph 
via a 25 μm quartz fiber, positioned with the help of pre- 
cise xyz-translational stage holder at 15 mm from the 
laser-plasma axis. The relative spectral response of the 
camera-MCP (micro channel plate) and spectrograph 
including optical fiber over the entire wavelength win- 
dow from 200 to 1000 nm was measured using a Deute- 
rium-Halogen lamp (type, DH-2000-CAL) with the re- 
sult as shown in Figure 2(a). The processing of the ex- 
perimental data was carried out using home-made routine 
built under the MATLAB7®package [21]. Each data  

 

   
(a)                                                 (b) 

Figure 1. (a) Experimental setup; (b) TEM image of the ZnO-20 nm size (as supplied by manufacturerer). 
 

   
(a)                                                 (b) 

Figure 2. In part (a), shown is the spectral response curve of the whole experimental setup over the entire wavelength region 
from 200 to 1000 nm; in part (b), an example on the multi-element Boltzmann plot between Nano-Based target plasma (upper 
dashed line) and the Bulk-Based (lower dashed line) plasma shows points of intersection with vertical axis and the method to 
calculate the relative concentration η. 
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point was taken as the average over three different single 
laser shots on fresh target condition which enable us to 
account for any fluctuations in measurements. A monitor 
to the incident laser power on the target was made via a 
beam splitter which reflects 4%, absorb 4% and with the 
help of absolutely calibrated power-meter (type Ophier). 
Unless specified, the ZnO (MKNANO-ZnO-020) material 
(as shown in Figure 1(b)) with almost spherical shaped 
powder samples was purchased from “MKNANO” and was 
used without further purification. 

The nano and bulk powder targets were compressed to 
a disk shape (Pressure ~ 5 ton/cm2), under the same am- 
bient conditions for a time period of 5 min. Both tables 
were positioned side by side perpendicular to laser axis 
on a xy-translational stage. It is worth noting that, no 
further chemical or heat treatment was carried out and to 
the best of our knowledge, both of the nano and bulk 
materials were synthesized using the same base material. 

3. Plasma Parameters 

The plasma state can be described by two measurable 
parameters namely; the electron density and temperature 
[7,8]. At relatively large electron density ~ 1019 cm–3, the 
plasma state is said to be in complete thermodynamical 
equilibrium (CTE). In this situation the emitted light 
from the plasma displays a continuous spectrum and the 
plasma is characterized by single temperature. This con- 
dition is rarely verified in the laser induced plasma ex- 
periments [7].  

In LIBS experiments, it was verified that the electron 
density is in the range from 1016 to 1018 cm–3 and the ra- 
diation field is dominated by a line rather than continu- 
ous spectrum. This state is called local thermodynamical 
equilibrium (LTE), at which the particle species are 
characterized by unique temperature which is different 
from the temperature of the radiation field.  

At a rather lower electron density regimes (1016 > ne > 
109 cm–3), the electron gas in plasma tends to divide the 
energy levels of the atoms into two main categories. We 
call this state as partial local thermodynamic equilibrium 
(PLTE) [7,8].  

3.1. Measurement of Plasma Electron Density 

Spectroscopically, the electron number density can be 
measured by different methods namely; measurement of 
the optical refractivity of the plasma [7], calculation of 
the principal quantum number at the series limit [7,8], 
measurement of to stark profile of certain optically thin 
emitted spectral lines [22], the measurement of the abso-
lute emission coefficient (spectral intensity) of spectral 
line [7] and finally from the measurement of the absolute 
emissivity of the continuum emission [8].  

Among the different proposed methods, the Stark 

broadening of emitted lines has been the most widely 
used method [8]. This method is based on the assumption 
that the Stark effect is the dominant broadening over the 
Doppler broadening and the other pressure broadening 
mechanisms resulted from collisions with neutral atoms 
(i.e., resonance and Van der Waals broadenings) [22]. 
The theoretical calculation of Stark broadening parame-
ters of hydrogenic lines is described in detail by Griem 
[8]. 

For the Hα-line, the following expression can be used 
to calculate the electron density [22]: 

    3 2
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   (1) 

In this expression 1 2 is the half width of the reduced 
Stark profiles in Å, it is a weak function of electron den-
sity and temperature through the ion-ion correlation and 
Debye-shielding correction and the velocity dependence 
of the impact broadening.  

3.2. Measurement of Plasma Temperature 

The second important plasma parameter is the electron 
temperature, which determines the strength of the differ-
ent distribution functions [7]. In laser produced plasmas, 
a combination of the line and continuum spectra is ap-
peared in the emission spectra. In this condition, the LTE 
is almost being fulfilled and one should employ the opti- 
cal emission spectroscopy technique to measure the tem- 
perature [7,8].  

The most direct method to estimate the temperature is 
via measurement of the relative spectral intensity of two 
or more lines emerging from the same element and ioni-
zation stage with small wavelength separation and large 
separation in upper state excitation energy. Moreover, 
these lines should be optically thin [7,8]. The following 
expression is recommended: 
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In this expression, I, λ, A, g are the spectral intensity, 
wavelength, transition probability and statistical weight 
of the upper state respectively. The subscript numbers 
indicate different lines. N and Uo are the population den-
sity and the parathion function of the atom at temperature 
Te. The constants h and c are the Planck constant and 
speed of light, respectively.  

The lines intensities should be corrected by the relative 
response factors Cr1,2, at the different emitted wave- 
lengths; these factors are saved from the absolute calibra- 
tion curve, shown in Figure 2(a). Mathematically, the 
plot of the LHS of Equation (2) with excitation energy 
(RHS) yields a straight line of negative slope which de-
termines the temperature.  
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3.3. Measurement of Relative Concentration  

In order to measure the relative concentration of the zinc 
atoms in both plasmas created from the nanomaterial and 
the corresponding bulk material targets, we have devel-
oped the following simple method. From Equation (2), 
the term  4πo ohcN U is a constant defined by the in-
tersection of the backward extrapolation of the Boltz-
mann line with the vertical axis. This method is not new, 
since it was suggested before [23,24] in what is called 
multi-element Saha-Boltzmann plot in which the relative 
concentration of the different matrix elements in the tar-
get material can be estimated. 

After the construction of the two Boltzmann plots, one 
for the plasma emerging from the Nano-Based ZnO ma-
terial target and the other for the plasma created from the 
Bulk-Based ZnO target, we should get two straight lines 
as shown in Figure 2(b). 

The upper line proves a higher concentration than the 

lower one. The two points of intersection with the verti-
cal axis should give two similar quantities 

 
Nano

4πo ohcN U for the Nano-Based target and  

 
Bulk

4πo ohcN U  for the Bulk-Based target.  

This means that, if the lower bulk line is multiplied by  
factor η we can make the two straight lines coincide (of 
course, with little orientation defined by the different 
temperatures of the two plasmas). This factor represents 
the relative concentration of the atoms (stoichiometry) in 
the plasmas created from the Nano vs. Bulk targets i.e.  

   Nano Bulko o N BN N C C   . 

4. Results and Discussion 

Figure 3(a) shows an example of one emitted optical 
signal at the Zn I-lines from the plasmas created from the 
Nano-Based target material (red colored) in comparison  

 

 
(a) 

 
(b) 

Figure 3. (a) Demonstration to emission enhancement at the Zn I-lines from the Nano-Based target (red color) in comparison 
to that from the Bulk-Based material (black color), showing the emission from the Zn I-lines as depicted in figure; (b) Dem-
onstration to enhanced spectral radiance from the Zn I-lines at different wavelength regions from the Nano-Based target (red 
colored) in comparison to that from the Bulk-Based target at different three arbitrary delay times of 1, 3, 5 s, are shown in 
subsequent rows. 
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to signals at the same wavelengths arise from the corre- 
sponding Bulk-Based material target (black colored) at 
an arbitrary delay time of 4 μs. Qualitatively, one can 
notice the clear enhancement in the spectral intensity 
from the nano to bulk plasmas. Moreover, Figure 3(b) 
displays the same comparison between the two signals at 
the same wavelengths at regular delay times of 1, 3 and 5 
μs, respectively, which demonstrates the temporal in- 
crease in the signal enhancement as the delay time in- 
creases. 

This is in contrast to the behavior of the spectral inten- 
sity of the Hα-line. The reason for the decrease in the 
spectral intensity is not yet been resolved which grasps a 
need for more extensive investigations.  

Moreover, there is an obvious difference in the en- 

hancement factor at the different Zn I-lines (This will be 
treated in a separate publication).  

An attempt to know the reason which causes this be- 
havior can be achieved via careful examination of the 
different plasma parameters (electron density and tem- 
perature) in both plasmas. The electron density was 
measured utilizing the optically thin Hα-line appeared in 
both spectra under the same condition. Utilizing Equa- 
tion (1), in conjunction with special software routine 
written in MATLAB7®. This program was constructed to 
compare the spectral line shape of the measured Hα-line 
to the theoretically constructed Voigt profile [21] and 
hence to extract the Lorentzian component of the line 
FWHM used to calculate the electron density as shown in 
Figure 4 (first two columns). 

 

 

Figure 4. Demonstration of the H-line fitting and the measured electron densities at three different delay times of 1, 3, 5 s 
from the Nano-Based plasma target (black color) and the Bulk-Based plasma (blue color). The third column demonstrates 
the measurement of the plasma temperature at three delay times of 1, 3, 5 s from the Nano-Based plasma (upper red line) in 
comparison to Bulk-Based plasma (lower black line) in addition to method of calculation f the relative concentration  
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An example of the fitting of the Hα-line at regular de-

lay times of 1, 3, 5 μs to both plasmas arises from Nano- 
Based target (first column with red curves) in compari-
son to the second column in Figure 4, which shows the 
fitting of the Hα-line appeared in the spectra arises from 
the Bulk-Based plasma (blue curves) together with the 
estimated electron densities. 

On the other hand, in order to calculate the plasma 
electron temperature, we have constructed the Boltzmann 
plots utilizing the spectral lines intensities emitted by the 
Zn I-lines at 330.29, 334.55, 472.2, 481.01, 636.38 nm 
with the results as shown in Figure 4 (third column). 

The atomic parameters of the Zn I-lines used to con-
struct the Boltzmann plot are presented in Table 1.  

Also, Figure 4 (third column) reveals that; first, the 
concentration of the zinc atoms in the plasma created 
from the Nano-Based target is higher than the corre-
sponding plasma arising from the Bulk-Based material 
and second, both plasmas show nearly similar tempera-
tures at the different delay times, since both of the 
Boltzmann lines are almost parallel.  

Finally, in order to calculate the relative concentration 
(stoichiometry) of the neutral zinc in both plasmas (fac-
tor η); we have utilized the predictions of set of Boltz-
mann plots in Figure 4 in which the factor η was calcu- 
lated at each delay time. The overall result of the meas- 
urement of the average enhancement factor over the dif- 
ferent emission wavelengths from the neutral Zn I-lines 
at the wavelengths of 328.26, 330.29, 334.55, 468.06, 
472.2, 481.01, 636.38 nm with delay time is shown in 
Figure 5, (red squares) whereas an obvious increase in 
an exponential manner to the signal enhancement from 
the nano vs. bulk based materials is shown. 

For a comparison reason, we have plotted both of the 
measured relative electron density (blue solid squares) 
and the relative electron temperature (black disks) as 
well as the measured relative concentration (inverted 
green triangles) with delays times in the range from 1 to 
5 μs, respectively, in Figure 5. 

Figure 5 reveals the following conclusions, first, it 
ensures that the enhanced spectral intensity from the Zn 
I-lines can’t be attributed to the plasma temperature dif-
ference or the difference in the electron densities. Second, 
 

Table 1. The atomic parameters of the Zn I-lines. 

Wavelength 
(nm) λ 

Transition  
probability A ( s–1) 

Statistical weight 
g 

Energy of upper 
state E (eV) 

481.01 7.00 × 107 3 6.6674 

472.2 4.58 × 107 3 6.6673 

330.29 1.07 × 108 5 7.7975 

334.55 1.50 × 108 7 7.7980 

636.38 4.65 × 107 5 7.7585 

 

Figure 5. This figure represents the temporal variation of 
the relative parameters; spectral intensity (enhancement; 
red squares) and the relative concentration (inverted 
green triangles) and the relative electron density (  eN eBn n ; 

black disks) and finally, the relative electron temperature 
(  eN eBT T blue squares) with delay time. 

 
from this figure it is clear that the signal enhancement 
depends only on the relative atomic concentration the 
plasma created from the Nano-Based material with re-
spect to Bulk-Based plasma. Nevertheless, the relative 
concentration (inverted green triangles) increases in a 
very combatable manner with signal enhancement.  

This fact can be qualitatively explained in terms of the 
collisional radiative modeling: The intense emission from 
the nanomaterial plasma with respect to the bulk one 
under the same experimental conditions can be related to 
the higher number of excited atoms to the upper emitting 
state (labeled j). This state can be populated via different 
atomic processes e.g. collisional excitation from all lower 
laying states, especially from the ground state and/or 
collisional de-excitation from the upper states, especially 
from the ground state of the next ionization stage and/or 
radiative decay from the upper excited states, especially 
recombination of both types (radiative or non-radiative 
three particle recombination). 

All the relevant processes can contribute by a certain 
amount depending on the predominant rate coefficients 
and the electron density present in the plasma, as well as 
the electron temperature [7]. In the laser produced plas-
mas (LIBS), the electron density is in the order of 1017 

cm–3, which means that the collisional processes are the 
dominant ones. For close approximation, the number of 
collisional processes from the ground state leading to 
population of the upper emitting state j per unit volume 
per unit time is in direct proportion to the spectral inten-
sity of the emitted radiation. Hence the relative intensity 
from either plasma (Enhancement) should amount to;  

jN jN oN eN N

jB jB oB eB B

I N N n R

I N N n R

       
                  

     (3) 

whereas, Ij, Nj, No are the spectral intensity of lines and 



A. M. EL SHERBINI  ET  AL. 

Copyright © 2012 SciRes.                                                                               WJNSE 

187

the population density of this upper state and the popula-
tion density of the ground state, respectively. R, ne are the 
electron-atom collision excitation rate coefficient and 
electron density, respectively. The subscripts N, B indi-
cate nano and the corresponding bulk quantity. Equation 
(3) indicates that the relative spectral intensity would 
increase linearly with both of relative concentration 

 oN oBN N   and the relative electron density 
 eN eBn n and the relative electron temperature through 
temperature dependant electron-atom collisional excita-
tion rate coefficient [7]. 

Experimentally, the observed invariance of the relative 
electron temperature, density and together with the 
measured relative enhancement compatible relative con- 
centration variation under different conditions leads to 
conclusion that the higher concentration of atoms in the 
Nano-Based plasma is decisive in the observed en-
hancement phenomenon.  

5. Conclusion 

An enhanced emission optical signal from the Nano- 
Based material target was observed in comparison to 
Bulk-Based plasma from ZnO. This signal enhancement, 
after a careful investigation of the different plasma pa-
rameters, was attributed to the larger concentration of the 
zinc atoms in the plasma created from the Nano-Based 
material with respect to that created from the Bulk-based 
one. Further investigation would be appreciated to ex-
plore more the effects of the different laser wavelengths 
and laser fluence as well as the type of the material tar-
get. 
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ABSTRACT 

Stress and strain in the structure of self-assembled quantum dots constructed in the Ge/Si(001) system is calculated by 
using molecular dynamics simulation. Pyramidal hut cluster composed of Ge crystal with {105} facets surfaces ob-
served in the early growth stage are computationally modeled. We calculate atomic stress and strain in relaxed pyrami-
dal structure. Atomic stress for triplet of atoms is approximately defined as an average value of pairwise (virial) quan-
tity inside triplet, which is the product of vectors between each two atoms. Atomic strain by means of atomic strain 
measure (ASM) which is formulated on the Green’s definition of continuum strain. We find the stress (strain) relaxation 
in pyramidal structure and stress (strain) concentration in the edge of pyramidal structure. We discuss size dependency 
of stress and strain distribution in pyramidal structure. The relationship between hydrostatic stress and atomic volumet-
ric strain is basically linear for all models, but for the surface of pyramidal structure and Ge-Si interface. This means 
that there is a reasonable correlation between atomic stress proposed in the present study and atomic strain measure, 
ASM. 
 
Keywords: Molecular Dynamics; Self-Assembled Quantum Dot; Germanium; Silicon; Mechanical Property 

1. Introduction 

The quantum dot (QD) is a nanostructure which is as- 
sembled from a few thousand to a few ten of thousand 
semiconductor atoms such as silicon (Si) and germanium 
(Ge). This micro-scale structure sometimes shows quan- 
tum size effect such that carriers or electrons are con- 
fined in very small dimensions. Therefore, previous stu- 
dies have been developed so as to be applied to high- 
performing electronic devices, the quantum dot laser, the 
quantum dot solar cell, and so on. 

In order to effectively utilize the special performance 
of quantum dots (QDs) for actual device behavior, we 
need to obtain high-performance QDs by reducing their 
size to approximately 15 - 20 nm (comparable with de- 
Broglie wave length) or less in x, y and z directions. In 
addition, it is also important that, to some extent, QDs do 
not include any crystal defect or any impurity atom 
which would disturb the uniformity of the laser wave. 
For the purpose of satisfying these requirements in the 
industrial production, there is a self-organized growth 
method. Formation of three-dimensional island, called 
Stranski-Krastanov (S-K) growth, is caused by strain 
during epitaxial growth due to lattice mismatch between 

different crystals in the substrate and the epitaxial layers. 
This method has the advantage that it is quite easy to 
form dense array of QDs. However, the shortage of uni- 
formity in the cluster arrays, often called array defect, 
and the dispersion of cluster sizes are still today’s issues 
[1]. Moreover, there is the lack of clarity in understand- 
ing detailed mechanical properties of QDs. Unique re- 
sidual stress and strain distribute in QDs created by S-K 
growth. Indeed, atomic configuration and strain field in 
QDs is important because they affect QD’s electronic 
structure and mechanical property, so the analysis of 
X-ray diffraction and electron scattering experiment have 
been conducted. As a result, some understanding in re- 
gard with the appearance of dot positions and their con-
figurational correlation has been done and creation of an 
equilibrium dot shape becomes possible. From now on, 
QD will widely prevail as a new nano material and de- 
vice architecture, so we should try to evaluate QD’s me- 
chanical properties. 

There have been studies on measurement of strain in 
QDs by using RHEED or XRD [2,3], but these provide 
only the average and qualitative estimation. In the case 
when experimental measurement is difficult, the com- 
puter simulation is often helpful and gives certain in- 
sight. There have been the studies on calculating the dis- *Corresponding author. 
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tribution of strain and stress in Ge islands on the Si(001) 
surface by means of atomistic simulation [4-6]. Also, 
there have been the studies on Ge/Si(001) system as the 
model system of hetero-epitaxial growth. Mo et al. suc- 
cessfully captured the STM images of Ge surfaces grow- 
ing three-dimensionally on Si(001) substrate [7]. In their 
work, they found that Ge atoms aggregate on rectangle or 
square bases whose edges become along <100> direc- 
tions in the Si substrate. Moreover, it has determined that 
there is a structure called hut cluster whose facets of Ge 
surface might be especially composed of {105} planes, 
though the atoms are crystallographically reconstructed. 
After further investigations, using STM and quantum 
calculation, the pyramidal structural model of QD with 
{105} facets has been constructed [1,8]. 

Therefore, in this article, using molecular dynamics 
(MD), we estimate the mechanical properties in the struc- 
ture of self-assembled QD in Ge/Si(001) system. We are 
focusing on the Ge hut clusters which have observed in 
previous researches [1,7]. There are two main species of 
hut clusters: pyramids and wedges. We are to computa- 
tionally model pyramidal one because it has higher 
symmetry and simpler configuration. We will discuss 
stress and strain distribution and size dependency of me- 
chanical properties in the pyramidal structure. The 
knowledge of QD’s mechanical properties that is ob- 
tained by MD in this study contributes to electron state 
control and strength design of QDs. This serves as guide- 
lines for developing QD. 

This paper is organized as follows. First, we formulate 
atomic strain measure and atomic stress, and show com- 
putational setup and conditions for pyramidal QD struc- 
ture. Then, the results of MD simulations are shown and 
discussed. Finally, we show conclusions for the mecha- 
nical properties in pyramidal hut clusters of QDs. 

2. Theory 

2.1. Empirical Interatomic Potential 

In this study, the interatomic potential of Tersoff type 
(T3) is used, in which the potential is capable to describe 
the covalent bonding in diamond structure such as those 
of silicon and germanium crystal. In the formulation of 
this potential, bond strength between atoms implicitly 
depends on coordination number of each atom and ex- 
perimental binding energy obtained as cohesive one is 
integrated. Tersoff potential is superior to other many- 
body potentials as for accurate reproduction of the elastic 
properties [9]. Here, we use potential parameters given 
by former reference [10]. 

2.2. Atomic Strain Measure 

In order to estimate the strain in the three-dimensional 
structure using computational result obtained by molecular 

dynamics (i.e. atomic coordinates), we introduce herewith 
an idea of strain measure defined in the atomic scale [11]. 
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2 0
ij ij ij ij ij
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              (1) 

where α and β are components (α, β = x, y, z). In Equa- 
tion (1), all of the components except for uij

α or uij
β (uij is 

displacement between atoms i and j) have been calcu- 
lated from the reference (undeformed) atomic configura- 
tion, ri

α(0). In order to evaluate strain at individual 
atomic sites, Equation (1) is simply averaged over the 
neighboring atoms with which the atom i interacts, as 
follows:  
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where Nneighbor is the number of neighbors. The value 
obtained by Equation (2) shows a local and atomic strain 
around the atom i. We call it atomic strain measure 
(ASM) of the atom i. 

The atomic strain of Si and Ge should be calculated on 
the basis of each equilibrium lattice strain. However, the 
initial atomic configuration of simulation model is basi- 
cally constructed by using lattice constant of Si. So, the 
reference atomic distance rij(0) is adjusted properly in 
calculating the atomic strain of Ge using Equation (2). 
Since actually lattice constant of Ge is 4.2% longer than 
that of Si, rij(0) is modified as follow:  

   Ge-Ge or Ge-Si0 | 0 1.042ij ijr r           (3) 

2.3. Atomic Stress for Triplet Potential 

Stress of an atom is evaluated by derivative of increase 
of potential energy with regard to strain. Based on solid 
mechanics and elasticity, this potential energy is sup- 
posed to be identical to the strain energy which has been 
stored by deformation process. The strain is approxi- 
mately obtained from directional vector between atoms, 
rij, by assuming uniform strain field in the deformation. 
In the MD method, atomic stress is strictly formulated 
for pairwise interaction (from virial theorem) and is gen- 
erally calculated as for pairwise potential. However, 
Tersoff potential includes three-body term. So, it is re- 
quired that atomic stress for triplet of atoms is approxi- 
mately defined as an average value of pairwise (virial) 
quantity inside triplet, which is the product of vectors 
between each two atoms.  

, ,

1

2i
i
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jk ik ijr r r                  (5) 

where Ωi is an ideal volume per atom in reference con-
figuration and Etot is total energy of atomic system. 

3. Computation Model 

In the Si-Ge system, the nanostructure with {105} crys- 
talline facets is observed in the early stage of epitaxial 
growth of germanium (Ge) atoms. This characteristic 
structure is generally called a hut cluster. Hut clusters are 
put into two major categories, pyramids and wedges [1]. 
The pyramid one is computationally modeled in this 
study. Figure 1 shows a schematic drawing of geometri- 
cal design for the computation model which is originally 
and actually confirmed by previous STM observation [7]. 
The computation model is consists of Si substrate and Ge 
atomic layers. The latter is called wetting layer (WL) 
being a few ML thick, where 1 ML corresponds to the 
thickness of one atomic layer, i.e., one half of lattice 
constant. The pyramidal-shaped cluster is formed on the 
WL. Both Si and Ge crystals have diamond structures 
though the lattice constant of Ge crystal is set up with 
that of Si crystal. As a result, initial configuration of Ge 
crystal possesses compressive residual stress and/or 
strain. Periodic boundary conditions are applied in x- and 
z-directions so that the system is modeled on infinite 
two-dimensional superlattice. The 2 ML thickness of Si 
substrate on the bottom is supposed to be rigid body and 
their atomic displacements are to be all frozen. Figure 2 
shows the computation model labeled A created as stated 
above. Table 1 shows computational parameters of MD 
simulation. To investigate size dependency of mechanic- 
cal property of QD, we also calculate models B and C 
having different sizes from A. In each model, the height 
of pyramidal structure is 8 ML, 12 ML and 16 ML, re- 
spectively. WL is 4 ML thick. These models are used as 
initial atomic configuration for MD simulation. 

In order to analyze the strain in the structure, we first 
need to obtain a stable crystal structure. The calculation 
procedures are as follows: 

1) Structural relaxation (100.0 ps) from the initial con- 
figuration without control of system temperature (equili- 
bration of the structure).  
 

 

Figure 1. The schematic drawing of computation model (geo- 
metrical design). 

2) The system temperature is dropped down to 300 K 
for relatively long steps, by using conventional velocity 
scaling method. 

3) Equilibrium calculation (20.0 ps) with the control 
temperature. 

Then, finally, we obtain stable crystal structure. Table 
2 shows the detail of these relaxation procedures. 

During the procedure 3), we calculate atomic strain 
measure (ASM) and atomic stress of individual atoms by 
using the formulation, Equation (2) and Equation (4), 
described in Section 2 above. ASMs are measured with 
regard to reference configuration of atoms and are calcu- 
lated from atomic configuration at any time. Since atoms 
are moving all the time, the ASM and atomic stress of  
 

y [0 0 1]

x [0 1 0]

z [1 0 0]

 

Figure 2. The initial atomic configuration of MD simulation 
model A. 
 

Table 1. The model parameters used for MD simulation. 

Model A B C 

Cell size x,y direction [nm] 20.098 25.530 30.961

Cell size in y direction [nm] 6.215 25.530 30.961

Base length of the pyramid L [nm] 13.580 16.295 21.727

Height of the pyramid h [nm] 2.173 3.259 4.345 

Height of Ge wetting layer hw [nm] 1.086 

Height of Si substrate hs [nm] 2.173 

The number of atoms 76134 132076 209009

The number of atoms at the pyramid 7684 21626 46559

The number of Ge atoms at the 
wetting layer 

21904 35344 51984

The number of Si atoms 46546 75106 110466

The angle θ [deg.] 11.3 

 
Table 2. The model parameters used for relaxation calcula- 
tion.  

Initial temperature [K] 300.0 

Time increment [fs] 0.5 

Calculation procedure 
Model 

(1) (2) (3) 

A 13,140

B 16,250

The number of time steps

C 

50,000 

17,400

10,000

Temperature gradient [K/s] –5.0 × 1012 
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individual atom largely fluctuates at every computational 
step. Therefore, we impose a time average to ASM and 
atomic stress of individual atom so as to exclude unim- 
portant fluctuation and make clearer evaluation. Here, we 
focus on the ASM (components εxx and εyy) of individual 
atoms along the center axis of pyramidal structure. 

4. Result and Discussion 

Figures 3 and 4 show the distribution of the ASM, view- 
ing on the cross-section parallel to xy plane. These are for 
the εxx component in the direction of [010] and for the εyy 
components in the direction of [001], respectively. As 
shown in Figure 3, εxx is almost zero in top of the py-
ramidal structure. It means that strain relaxation occurs in 
the pyramidal structure. In addition to that, relatively 
large compressive strain is observed in the bottom edge 
of the pyramidal structure. Figure 5 shows the schematic 
of local compressive strain. This local compressive strain 
observed in edge of the pyramidal structure is understood 
as a residual strain which is caused by elastic deforma- 
tion in x direction ([010]) in the pyramidal structure and 
by strong constraint from Si substrate in WL under the 
pyramidal structure. As shown in Figure 4, a certain 
large tensile strain is also observed in the region marked 
by a circle. This is because a stress component perpen- 
dicular to the surface (y direction, [001]) is vanished out, 
but strain components in other two directions (x and z, 
[100]) reside in compressive regime and they cause lat- 
eral strain in the y direction. 

Figures 6 and 7 show the distribution of ASM for the 
εxx and for the εyy on the center line of the pyramid. The 
value of abscissa corresponds to 0 - 8 ML for Si substrate 
(0 - 2 ML for fixed atoms), 9 - 12 ML for WL, and 13 
ML and larger for pyramidal structure of hut cluster, re- 
spectively. As shown in Figure 6, the largest compres- 
sive ASM of Ge atom in 9 ML (at the interface be- 
tweenWL and Si substrate) is found. This is reasonable 
because these Ge atoms and Si atoms join coherently and 
Ge atoms are subject to constraint from Si substrate at 
the bottom. At the top of pyramidal structure, strain 
marks peak value due to atomic rearrangement in the 
surface. As shown in Figure 7, pyramidal structure and 
WL expand in y direction by compressive elastic strain in 
x and z directions. 

Next, we discuss the size dependency of pyramidal 
structure. Figure 8 shows the relation between εxx and the 
position normalized by the height of WL and pyramidal 
structure. As shown in Figure 8, the distribution of εxx is 
identical in every model. Other components of ASM are 
obtained in similar trend as εxx. Accordingly, ASM dis- 
tribution in pyramidal structure and WL is three-dimen- 
sionally identical and is independent of the size of py- 
ramidal structure. Furthermore, in spite of atomic struc- 
ture, the ASM is continuous smoothly even at the inter-

face between the pyramidal structure and WL. 
 
 y [0 0 1]

x [0 1 0]

z [1 0 0]

Strain 

relaxation 

Higher
compressive 

Strain 

 

Figure 3. Distribution of ASM component εxx (cross-section 
onto xy plane). 

 
 y [0 0 1]

x [0 1 0]

z [1 0 0]

Tensile
strain

 

Figure 4. Distribution of ASM component εyy (cross-section 
onto xy plane). 

 

 

Figure 5. Residual compressive strain in the edge of pyra- 
midal structure. 
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Figure 6. ASM distribution at every 1 ML: εxx component. 
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Figure 7. ASM distribution at every 1 ML: εyy component. 



T. YAMAGUCHI, K. SAITOH 

Copyright © 2012 SciRes.                                                                               WJNSE 

193

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

 0

 0.2

 0  0.2  0.4  0.6  0.8  1

A
to

m
ic

 s
tr

ai
n 

ε x
x
 [

%
]

Height of pyramidal structure [-]

model A
model B
model C

 

Figure 8. Normalized ASM distribution of each 1 ML in 
WL and pyramidal structure: εxx component. 
 

In order to discuss in detail distribution of stress and 
strain in pyramidal structure and WL, we also calculate 
hydrostatic stress and volumetric strain and focus on size 
dependency and correlation of them. Hydrostatic stress 
of individual atoms is calculated from atomic stress 
components, 

3

xx yy zz
m i i i
i

  


 
             (6) 

Figures 9 and 10 show hydrostatic stress σ m at the 
surface of pyramidal structure and the interface between 
Ge WL and Si substrate (in the following, it is called 
“Ge-Si interface”) beneath the pyramidal structure, re- 
spectively.  

In these diagrams, hydrostatic stress σm is plotted for 

atomic coordinate normalized by the length L of pyra- 
middal structure as abscissa. As shown in Figures 9 and 
10, positive σm (i.e. tensile stress) occurs at the surface of 
pyramidal structure. On the other hand, negative σm (i.e. 
compressive stress) occurs at Ge atoms in Ge-Si interface. 
Compressive hydrostatic stress at the Ge-Si interface is 
largely owing to the compressive stress in x and z direc- 
tions, which is caused by lattice mismatch between Ge 
WL and Si substrate. On the other hand, tensile hydro- 
static stress at the surface of pyramidal structure is 
brought about by surface tension. Accordingly, some 
concentration of hydrostatic stress is also observed as a 
result of surface atomic reconstruction. It is believed that 
contribution of compressive stress in x and z directions 
by lattice mismatch to this tensile hydrostatic stress is 
smaller because of strain (stress) relaxation in pyramidal 
structure. The distribution of σm is smooth even at the 
Ge-Si interface, but that at the surface region shows un- 
dulation. Atoms in the Ge-Si interface joins coherently. 
However, the {105} facet of pyramidal structure has 
atomic-scale surface step. The undulation of σm at the 
surface of pyramidal structure is caused by the variation 
of coordination number of each atoms due to this sur- 
face-step structure. 

As shown in Figures 9 and 10, distribution of hydro- 
static stress normalized by length L at the surface and 
Ge-Si interface is identical, except for the center region.  
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(a) h = 2.173 nm                         (b) h = 3.259 nm                          (c) h = 4.345 nm 

Figure 9. The distribution of hydrostatic atomic stress σm at surface of pyramidal structure (atomic coordinate normalized 
base length L plot along the abscissa). 
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(a) h = 2.173 nm                        (b) h = 3.259 nm                          (c) h = 4.345 nm 

Figure 10. The distribution of hydrostatic atomic stress σm at Ge in between Ge WL and Si substrate under the pyramidal 
structure (atomic coordinate normalized base length L plot along the abscissa). 
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The reason why the difference at the center occurs is 

that the apex of pyramidal structure is the same size but 
is not scaled in total size. However, it is believed that 
hydrostatic stress at the surface of pyramidal structure 
and the Ge-Si interface is constant without dependence 
on size of pyramidal structure. 

Figures 11 and 12 show the relationship between hy- 
drostatic stress σm and atomic volumetric strain εV. Here, 
atomic volumetric strain is calculated from components 
of ASM, Figure 11 shows plots for atoms on the center 
line of the pyramid, just as Figures 6 and 7 above. Sev- 
eral plots of positive σm (>0) are found at the surface re-
gion, and their distribution seems at random. Figure 12 
is a magnified figure of Figure 11 for its densely plotted 
area. The relationship between hydrostatic stress and 
atomic volumetric strain is basically linear for all models, 
except for the surface of pyramidal structure and Ge-Si 
interface. This means that there is a reasonable correla- 
tion between atomic stress proposed in the present study 
and atomic strain measure, ASM. 

5. Conclusions 

We perform molecular dynamics simulation for investi- 
gating mechanical characteristic in an uncapped pyrami-
dal structure in the Ge/Si(001) system with lattice mis-
match. We estimate the strain by mean of atomic strain 
measure (ASM) which is formulated on the Green’s defi-  
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Figure 11. The relationship between hydrostatic stress σm 
and atomic volumetric strain εV. 
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Figure 12. The correlation between hydrostatic stress σm 
and atomic volumetric strain εV. 

nition of continuum strain and is expressed with atomic 
positions, and atomic stress for triplet interaction. Fol-
lowing results are obtained. 

1) Elastic strain and stress in atomic scale can be 
qualitatively calculated. 

2) Local compressive strain in x and z directions is 
observed in edge of the pyramidal structure. This local 
compressive strain is understood as a residual strain 
which is caused by elastic deformation in x and z direc- 
tions in the pyramidal structure and by strong constraint 
from Si substrate in WL under the pyramidal structure.  

3) Hydrostatic stress at the surface of pyramidal struc- 
ture and the Ge-Si interface is constant without depend- 
ence on size of pyramidal structure. 

4) There is a reasonable correlation between atomic 
stress proposed in the present study and atomic strain 
measure, ASM, except for the surface of pyramidal struc- 
ture and Ge-Si interface. 
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ABSTRACT 

The iron oxide nanoparticles have been synthesized in co-precipitation method using aqueous solution of ferric and fer- 
rous ions with sodium salt. The synthesis of iron-oxide nanoparticles were validated by UV-Visible spectroscopy which 
showed higher peak at 370 nm as valid standard reference. An average size of iron oxide nanoparticle found by diffrac- 
tion light scattering (DLS) particle size analyser, ranges approximately between 10 nm to 120 nm with mean particle 
size of 66 nm. The X-ray power diffraction (XRD) analysis revealed the crystallographic structure of magnetic particles. 
Characterization of the mean particle size and morphology of iron oxide nanoparticles confirmed that the iron oxide 
nanoparticles are nearly spherical and crystalline in shape. Further the antibacterial effect of iron oxide nanoparticles 
was evaluated against ten pathogenic bacteria which showed that the nanoparticles have moderate antibacterial activity 
against both Gram positive and Gram negative pathogenic bacterial strains and retains potential application in pharma-
ceutical and biomedical industries.  
 
Keywords: Iron Oxide; Co-Precipitation; Nanoparticles; Antibacterial Activity 

1. Introduction 

Nanometer-size metallic nanoparticles have been the 
subject to research in recent years because these materi- 
als represent an intermediate dimension between bulk 
materials and atoms/molecules [1]. Among these metallic 
nanoparticles, iron oxide (IO) have received special at- 
tention because of their variety of scientific and techno- 
logical applications such as biosensor [2], antimicrobial 
activity [3], food preservation [4], magnetic storage me- 
dia, ferrofluids, magnetic refrigeration, magnetic reso- 
nance imaging, hyperthermic cancer treatments, cell sort- 
ing and targeted drug delivery [5-7]. Besides, it has also 
been widely used in biomedical research because of its 
biocompatibility and magnetic properties [8]. The syn- 
thesis of these IO nanoparticles are carried out by differ- 
erent chemical approaches such as coprecipitation, Sol- 
gel and forced hydrolysis, hydrothermal, surfactant me- 
diated/template synthesis, microimulsion, electrochemi- 
cal and laser pyrolysis. Among these, the co-precipitation 
technique is probably the simplest and most efficient 
chemical pathway through which a larger amount of 
nanoparticles can be synthesized [9]. 

The development of new resistant strains of bacteria to 

current antibiotics has become a serious problem in pub-  
lic health; therefore there is a strong incentive to develop 
new bacteriocides from various sources [10]. Recent ad- 
vancement in the field of nanotechnology has provided 
attractive method for synthesizing alternative antimicro- 
bial agents and reducing biofilm formation [11]. Al- 
though nanoparticles have long been known to exhibit a 
strong toxicity to a wide range of micro-organisms [10, 
12], very little is known about the toxicity of iron oxide 
nanoparticles towards these microorganisms. 

In the present study, an attempt has been made to syn- 
thesize iron-oxide nanoparticles in co-precipitation method 
and characterize it by absorption spectrophotometer (UV- 
VIS), particle size analyzer (PD), X-ray diffraction (XRD), 
and scanning electron microscope (SEM) along with the 
evaluation of their antibacterial activity against ten human 
pathogenic Gram positive and Gram negative bacteria 
with a view to explore their pharmaceutical applications. 

2. Materials and Methods 

2.1. Materials 

All the chemicals used in this work were analytical re- 
agent grade from commercial market. Distilled water was 
used for preparation of the solutions after deoxygenation *Corresponding author. 



S. S. BEHERA  ET  AL. 

Copyright © 2012 SciRes.                                                                               WJNSE 

197

with dry N2 for 10 min. The divalent (FeCl2·4H2O), tri-
valent (FeCl3·6H2O) iron salts, 2 M HCl solution and 
aqueous NaOH (25% - 28%, w/w) were also deoxygen- 
ated with dry nitrogen before use. 

2.2. Synthesis of Iron-Oxide Nanoparticles 

Iron-oxide (IO) nanoparticles were synthesized by co- 
precipitation method as reported by Predoi [13]. The 
synthesis was carried out by coprecipitation of ferrous 
and ferric ion salts in aqueous solution by adding base at 
room temperature with flowing N2 gas. Briefly, 4.0 ml of 
1 M FeCl3 and 1.0 ml of 2 M FeCl2 solution were dis- 
solved in deionised deoxygenated (DD) water followed 
by adding 200 ml of 0.02 M HCl solution under vigorous 
stirring at 8000 rpm for about 30 min. The resulting 
brown precipitate was added with 200 ml of 1.5 M 
NaOH solution, the color of the mixture then turned from 
brown to black.  

3 2
3 4 22Fe Fe 8OH Fe O  4 H O        

The Fe3O4 (IO) nanoparticles were finally collected as 
power after oven dried at 50˚C (Figure 1). 

2.3. Characterization Techniques 

2.3.1. UV-VIS Spectra Analysis (UV-VIS) 
The reduction of pure Fe3+ ions was monitored by meas- 
uring the UV-VIS spectrum of the reaction medium after 
diluting a small aliquot of the sample into distilled water 
at wave length 330 - 450 nm. UV-VIS spectral analysis was 
done by using UV-VIS spectrophotometer (Systronis-117). 

2.3.2. Particle Size Analysis (PD) 
In order to determine the average particle size distribu- 
tion, the milled powder of iron oxide nanoparticles was 
measured by ZETA Sizer Nanoseries (Malvern instru- 
ments Nano ZS). Initially, the liquid dispersant contain- 
ing 500 ml of deionized water and 25 ml of sodium hexa- 
metaphosphate was kept in the sample holder and then 
iron oxide (IO) nanoparticles were dispersed in deionised 
water followed by ultrasonication. 

2.3.2. X-Ray Diffraction (XRD) 
In order to obtain the structural information of the pro- 
 

 

Figure 1. Synthesized ironoxide nanoparticles. 

duct, the crystallographic structure of magnetic particles 
was analyzed by X-ray power diffraction (XRD). The 
crystallographic analysis of samples in diffraction pa- 
tterns were recorded from 10˚ to 70˚ with a panalytical 
system diffractometer (Model: DY-1656) using Cu Kα (λ 
= 1.542 Ao) with an accelerating voltage of 40 KV. Data 
were collected with a counting rate of 1˚/min. The Kα 
doublets were well resolved. 

2.3.3. Scanning Electron Microscope (SEM) 
To characterize mean particle size and morphology of 
Iron oxide nanoparticles, SEM (scanning electron micro- 
scope) was performed using Jeol JSM-6480 LV SEM 
machine of 20 KV of accelerating voltage. 

2.3.4. Screening of Antimicrobial Activity 
Ten pathogenic bacteria viz. Staphylococcus aureus 
(MTCC 1144), Shigella flexneri (Lab isolate), Bacillus 
licheniformis (MTCC 7425), Bacillus brevis (MTCC 
7404), Vibrio cholerae (MTCC 3904), Pseudomonas 
aeruginosa (MTCC 1034), Streptococcus aureus (Lab 
isolate), Staphylococcus epidermidis (MTCC 3615), Baci- 
llus subtilis (MTCC 7164) and E. coli (MTCC 1089) used 
in the study were obtained from Institute of Microbial 
Technology, Chandigarh or lab isolates. The organisms 
were maintained on nutrient agar (Hi Media, India) 
slopes at 4˚C and subcultured before use. 

Agar cup plate method of Khalid et al. [14] was 
carried out to establish the antibacterial activity of the 
iron oxide (IO) nanoparticles against the test pathogens. 
Wells of 6 mm diameter were punched over the agar 
plates using sterile gel puncher (cork borer) 100 μl (50 
mg/ml) of nanoparticle powder in sterile distilled water 
were poured into the wells. The plates were incubated at 
37˚C for 24 h. The zone of the clearance around each 
well after the incubation period, confirms the antimicro- 
bial activity of the IO nanoparticle extract. Neomycin (30 
µg/disc) was taken as standard. 

3. Results and Discussion 

The iron oxide nanoparticles (Fe3O4) synthesized by co- 
precipitation of ferric and ferrous chloride was validated 
by UV-Visible spectroscopic analysis and their scanning 
absorbance vs wave length (λ) has been established 
(Figure 2). The characteristics peaks of IO nanoparticles 
were observed at 370 nm, which is due to charge transfer 
spectra. The particle size distribution of the iron oxide 
nanoparticles determined by laser diffraction method 
with a multiple scattering technique revealed that the 
particle size distribution of iron oxide nanoparticles 
ranges approximately from 10 nm to 120 nm with mean 
particle size of 66 nm and the distribution of oxide 
nanoparticle is more uniform with a narrow distribution 
range (Figure 3). 
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The XRD analysis of IO nanoparticles shown in Fig- 
ure 4, were made to detect the diffraction angles at 31.5˚, 
35˚, 37˚, 45.2˚ and 53˚ which implies the diffraction sur- 
faces of the nanoparticle crystal. The diffraction angles 
of different peaks are corresponds to Fe3O4 nanopar- 
ticles. 

This data is very close to the American Society for 
Testing and Materials (ASTM) data of iron oxide [(Fe3O4)] 
nanoparticles, which could be a good evidence to prove 
that the prepared nanoparticles, was made of iron oxide. 
The X-ray power diffraction (XRD) results of nano- 
particles confirmed that the synthesized product was a 
magnetite (Fe3O4) [15].  

Further analysis of the SEM image of synthesized iron 
oxide nanoparticles, showed a clear image of highly 
dense IO nanoparticles which are almost spherical in size 
(Figure 5). The size of most of the nanoparticles ranges 
from 30 nm to 110 nm. However the percentage of 
nanoparticles beyond 100 nm is very less. The average 
percentage of nanoparticles present in our synthesized 
 

 

Figure 2. The UV-VIS spectrum of Fe3O4 naoparticles. 
 

 

Figure 3. DLS particle size analysis curve of iron oxide 
nanoparticles. 
 

 

Figure 4. XRD of Fe3O4 nanoparticles. 

sample is 66 nm. From the image it is confirmed that the 
sample contains various sizes of nanoparticles which are 
indeed agreement with the result obtained from DLS 
particle analyser. Similar results on SEM analysis of IO 
nanoparticles has also been reported by other workers [7]. 

The antibacterial activities of the iron oxide nanopar- 
ticle evaluated against ten pathogenic bacteria (six Gram 
positive and four Gram negative) are presented in (Table 
1 and Figure 6). The result of antibacterial activity of IO 
nanoparticle showed moderate antimicrobial activity 
against eight pathogenic strains (six gram positive and 
two gram negative) with zone of inhibition ranging from 9 
mm to 22 mm (Table 1). 

 

 

Figure 5. SEM image of synthesized iron oxide nanoparti- 
cles. 
 

 

 

Figure 6. Study of antibacterial activity (zone of inhibition) 
of Fe3O4 nanoparticles. 
 
Table 1. Antibacterial activity of iron oxide nanoparticle 
and standard antibiotics. 

Strains 
Iron oxide  

nanoparticles (50 mg/ml) 
Standard antibiotics

neomycin (30 µg/disc)

Staphylococcus aureus 12 ± 0.35 17 ± 0.70 

Shigella flexneri 0 ± 0.0 18 ± 0.35 

Bacillus licheniformis 22 ± 0.70 21 ± 1.4 

Bacillus brevis 9 ± 0.15 27 ± 0.35 

Vibrio cholerae 9 ± 0.0 18 ± 0.70 

Pseudomonas 
aeruginosa 

0 ± 0.0 18 ± 0.35 

Streptococcus aureus 12 ± 0.35 16 ± 0.35 

Staphylococcus  
epidermidis 

14 ± 0.44 15 ± 0.07 

Bacillus subtilis 20 ± 1.11 16 ± 1.4 

Escherichia coli 11 ± 0.44 14 ± 0.07 
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The present results are comparable with that of the 
standard antibiotic Neomycin (30 µg/disc). The IO nano- 
particles do not show any activity against two Gram 
negative bacteria viz. Shigella flexneri and Pseudomonas 
aeruginosa (Table 1). There are many factors respon- 
sible for the antibacterial activity of iron oxide nano- 
particles. 

The main mechanism by which these particles showed 
antibacterial activity might be via oxidative stress 
generated by ROS [10,12]. ROS, including superoxide 
radicals (O2–), hydroxyl radicals (–OH), hydrogen pero- 
xide (H2O2), and singlet oxygen (1O2), can cause damage 
to proteins and DNA in bacteria. In the present study, 
metal oxide (FeO) could be the source that created ROS 
leading to the inhibition of most of the pathogenic 
bacteria including Staphylococcus aureus. A similar pro- 
cess was also described by Kim et al. (2007) in which 
Fe2+ reacted with oxygen to create hydrogen peroxide 
(H2O2). This H2O2 consequently reacted with ferrous 
irons via the Fenton reaction and produced hydroxyl 
radicals which are known to damage biological macro- 
molecules [16]. 

Some authors have demonstrated that the small size of 
nanoparticles can also contribute to bactericidal effects. 
For example, Lee et al. [17] reported that the inactivation 
of Escherichia coli by zero-valent iron nanoparticles [17] 
could be because of the penetration of the small particles 
(sizes ranging from 10 - 80 nm) into E. coli membranes. 
Nano scale zero valent iron (NZVI) could then react with 
intracellular oxygen, leading to oxidative stress and 
eventually causing disruption of the cell membrane. 
Studies on ZnO and MgO nanoparticles have also shown 
that antibacterial activity increased with decreasing 
particle size [18,19]. In the present study, the concen- 
tration of nanoparticles was a major factor for anti- 
bacterial activity of the nanoparticle. A similar con- 
centration-dependent behavior was observed by Kim et al. 
[20] when they investigated the antimicrobial effects of 
Ag and ZnO nanoparticles on S. aureus and E. coli 
[18,19]. Similarly, in a study of bactericidal effects of 
iron noxide nanoparticles on S. epidermidis, Taylor and 
Webster [21], also reported concentration dependent bac- 
terial inhibition. It is also important to note that IO nano- 
particles do not negatively influence all cells and thus it 
can be said that with an appropriate external magnetic 
field, FeO nanoparticles may be directed to kill bacteria 
as needed throughout the body. 

4. Conclusion 

Application of Iron Oxide nanoparticle shows zone of 
inhibition comparable to that of other nanoparticle (Ag) 
of topical use. Furthermore it shows better bactericidal 
activity in Gram-positive bacteria as compared to Gram- 
negative bacteria. The present study highlights the poten- 

tial application of IO nanoparticles as antibacterial agents 
which can be explored for its topical application in 
pharmaceutical and biomedical industries and opens the 
path for further research regarding the toxicity and carci- 
nogenicity properties for its use in human being. 
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ABSTRACT 

Oleic acid coated LaF3:Ce nanoparticles were synthesized and embedded in polyacrylamide through a two-step proce-
dure. In the first step nanoparticles were synthesized by adopting co-precipitation technique and in the second step, 
nanoparticles were embedded in polyacrylamide (PAM) hydro-gel through the solution route. Nanoparticels were char- 
acterized for their crystal structure, particle size, organic coating and photoluminescence behavior using X-ray diffrac- 
tion, SEM, TEM, FTIR and photoluminescence spectroscopy. Size of nanoparticles was estimated using the Scherer 
formula. Polymer nano composite (PNC) material was synthesized with two different weight percent of the nano pow-
der viz 1.634% (termed as NG1) and 0.1664% (termed as NG2). The nanoparticle-polymer composite exhibits emis-
sions at 308 and 370 nm. A comparison of the emission spectrum of LaF3:Ce nano-powder pellet with that of the com-
posite suggests a suppression of emission from the PAM host in the composite. 
 
Keywords: Lanthanum Fluoride Cerium; Polyacrylamide; Oleic Acid; Photoluminescence; Nanocomposite 

1. Introduction 

In the quest for new optical materials, polymer nano-
composites (PNC) are currently being explored. Lumi-
nescent PNC materials are inexpensive and can be syn-
thesized in different shapes and sizes. These materials 
find applications in sensing high energy X- and gamma 
radiation. In this context rare-earth doped nanophosphor 
with sizes <100 nm in transparent polymer composites 
have been studied. In order to protect the nanophosphor 
material from the host environment and to achieve better 
dispersibility in the monomer, these are coated with or-
ganic materials such as oleic acid. These nanoparticles 
possess unique chemical and optical features such as low 
toxicity, characteristic narrow emission, and excellent 
photo stability [1]. 

Cerium doped Lanthanum halides display desirable 
high light yields with fast decay component. Inorganic as 
well as organic surfactant capped LaF3:Ce have been 
extensively studied [2-6]. Considerable interest is shown 
in surface modification of luminescent nanoparticle with 
functional groups, which increases possibility of uniform 
embedding in different transparent polymer hosts [7-9]. 
The methods involve synthesizing nanoparticles first and 

then blend into the required matrices through intimate 
mixing of nanoparticles with monomer solution and sub-
sequent immobilization through polymerization. In this 
work, we report the synthesis and embedding of oleic 
acid coated LaF3:Ce nanoparticles in polyacrylamide host 
medium. The photoluminescent characteristics of the syn- 
thesized polymer nanocomposite are presented. 

2. Experimental Details 

LaF3:Ce embedded polyacrylamide (PAM) disc was 
made in two steps. LaF3:Ce was synthesized by co-pre- 
cipitation technique. First, oleic acid coated nano cerium 
doped lanthanum fluoride was synthesized as ref [10]. 
Next, the powder was embedded inside PAM disc using 
a slightly different procedure that reported in [11]. A 
solution containing 8 g of arylamide in 10 g of deionized 
water was prepared. LaF3:Ce embedded discs were syn-
thesized using the acrylamide solution with two different 
nano-powder concentration of 16.6 and 1.75 mg/ml. The 
mixtures were thoroughly stirred for 30 minutes and 
placed in an ultrasonic water bath for 20 minutes for the 
gas bubbles, if any, to escape. Then the mixture was po-
lymerized in the gamma chamber (GC 5000) containing 
4.8 TBq activity of Cobalt-60 radioisotope and irradiated 
for four minutes to a gamma dose of 221 Gy. The po-*Corresponding author. 
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lymerized samples were taken dried in a vacuum oven at 
90˚C for 4 h. The discs were circular in shape with 2 cm 
diameter and 1 cm thickness. The weight percent of the 
nano powder in the polymer composites were 1.634% 
(termed as NG1) and 0.1664% (termed as NG2) respec-
tively. The NG1 disc was little opaque while NG2 disc 
was a completely transparent. Similarly another pure 
polyacrylamide disc without LaF3:Ce (blank-PAM) was 
prepared for comparing the optical behavior.  

The structural characterization was carried out using 
X-ray diffraction measurements using a Shimadzu (XRD- 
6000) diffractometer equipped with a CuKα (1.5406 Å) 
X-ray source. The micrographs of as prepared samples 
were obtained using field emission scanning electron 
microscope [FESEM, ZEISS]. TEM [JEOL 2000 EX II], 
FTIR spectra were recorded using HORIZON MB3000 
ABB spectrophotometer in order to check the surface 
organic coating and the spectrum was measured in trans- 
mission mode using KBr disc. In order to prepare the 
TEM specimen, the powder was ultra-sonicated in 
methanol medium and one drop of the suspension was 
loaded on to carbon coated grids. This was dried under a 
lamp for over 12 hours and loaded into the specimen 
carousel of the JEOL 2000 EX II TEM operated at 200 
kV. Electron diffraction, diffraction contrast and phase 
contrast imaging was also carried out. Photolumines-
cence (PL) measurements on the discs were carried out 
using a SHIMADZU spectrophotometer [Flourolog-RF- 
5301PC] in the range of 200 - 400 nm at 1.5 nm slit 
widths and in high sensitivity mode. 

3. Results and Discussion 

Figure 1 shows the XRD pattern of oleic acid coated 
nanoparticles. The peak positions and intensities agree 
well with the data reported in the JCPDS standard card 
(32-0483) for pure hexagonal LaF3:Ce particles. The 
large width of the diffraction peaks is an indication of the 
nanosize of the particles. The structure was determined to 
be hexagonal with a = 7.1889 and c = 7.3231 Å. The 
sizes of the nanoparticles were calculated from the XRD 
data based on the Debye-Scherer formula. The results 
showed that the oleic-coated nanoparticle size was 11 
nm. 

Figure 2(a) shows the FESEM micrograph of Ce- 
doped LaF3 nanoparticles synthesized at 70˚C. The parti-
cles were of spherical and slightly oblong in shape with 
the diameter ranging between 8 and 36 nm. However 
some agglomeration of particles leading to bigger parti-
cle sizes was also observed. The modified approach of 
Feng Wang et al. [3] yielded primary particles of smaller 
size. Figure 2(b) shows the size distribution of the parti- 
cles. The 60 and 85 nm particles are essentially aggre- 
gates and don’t correspond to the individual particles. It 
is clear that majority of particles were between 8 and 11  
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Figure 1. XRD pattern of LaF3:Ce nanoparticles. The re-
ported reference pattern is also shown for comparison 
(JCPDS card No. 32-0483). 
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Figure 2. (a) FESEM micrograph image of LaF3:Ce nano- 
particles; (b) The size distribution plot of FESEM micro-
graph image of LaF3:Ce nanoparticles. 
 
nm sizes. In order to know with what sizes the particles 
have formed, a size distribution plot was arrived at by 
analyzing the obtained SEM micrograph using the Image 
J software. As the particle sizes are small, more weight 
% can be incorporated in the polymer retaining the opti-
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cal transparency. 
Figure 3 shows the high resolution TEM image of as 

synthesized Oleic acid coated LaF3:Ce nanoparticles. The 
coating thickness was found to be around 3.5 nm. It can 
be seen that the nanoparticles have a certain degree of 
agglomeration.  

Figure 4 shows the FT-IR spectra of both pure oleic 
acid (curve a) and oleic acid coated LaF3:Ce nanoparti-
cles (curve b). In curve a&b, the two band at 2922 and 
2856 cm–1 are corresponds to CH2 asymmetric and sym-
metric stretching vibrational frequency respectively [12]. 
A weak band at 3011 cm–1 indicates the presence of un-
saturated alkene (=C-H) group. In curve (b) presence of 
CH2 stretching vibrational peak reveals the presence of 
organic surfactant on surface of LaF3:Ce nano particle. In 
curve (a) strong peak at 1708 cm–1 attributed to stretch-
ing vibration of C=O group. When compared to curve (a) 
in curve (b) the reduction peak intensity of 1708 cm–1 
C=O stretching vibration and appearance of two new 
absorption peaks at 1582 and 1546 cm–1 are due to car-
boxylate formation on the nano LaF3:Ce surface, which 
are attributed to the characteristic of the asymmetric 
(COO–) stretch and the symmetric (COO–) stretch [13]. 
The disappearance of C=O stretching vibration and 
presence of two COO– stretching confirms that Oleic 
acid is not physically adsorbed on the surface of LaF3:Ce 
nano particle, its coordinated through carboxylate group 
with nano particle. These results confirm that Oleic acid 
molecules were chemisorbed on nano LaF3:Ce particles. 

Figure 5 shows the excitation and emission spectrum 
of the 5 mole % Ce-doped LaF3

 nanoparticle pellet. The 
excitation spectrum was recorded for the sample by 
scanning the excitation wavelength from 200 nm to 280 
nm, while the emission monochromator was fixed at 306 
nm with spectral bandpass at 1.5 nm. The excitation peak 
was found to be at 251 nm (curve a), which closely 
agrees with the position of lower energy levels in the 4f 
to 5d (4.96 eV) configuration of cerium. The emission 
spectrum was acquired by exiting the pellet at 251 nm 
wavelength in the region between 265 nm to 400 nm 
with the same spectral band pass. The broad emission  
 

 

Figure 3. HR-TEM image of the oleic acid coated LaF3:Ce 
nanoparticles. 
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Figure 4. FTIR spectrum of (a) oleic acid and (b) oleic acid 
coated LaF3:Ce nano-powder. 
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Figure 5. PL excitation and emission spectra of oleic acid 
coated 5 mole % Ce3+-doped LaF3 nanoparticle pellets (a) 
Excitation (Em = 306 nm); (b) Emission (Ex = 251 nm). 
 
peak found at 306 nm (curve b) can be ascribed to 5d to 
4f transitions revealing the nature of Ce3+ emission [14]. 
One can see that the emission from the pellet is intense. 
The presence of hydrocarbon chains on the surface might 
quench the output light intensity by radiation less energy 
transfers. 

Figure 6 shows the excitation and emission spectra of 
the blank-PAM, LaF3:Ce embedded PAM-NG1 and NG2 
discs. The spectra of blank-PAM and nanocomposite 
materials were recorded in the region 220 - 400 nm. 
Curves a and b respectively correspond to the excitation 
and emission of blank-PAM disc. The emission peak at 
370 nm corresponds to the 253 nm absorption of 
blank-PAM. Curves c (NG2), e (NG1) and d (NG2), f 
(NG1) respectively correspond to the excitation and 
emission spectra of doped-PAM discs. One can see that 
the emission spectra of the composite exhibit two peaks, 
one at 308 nm and the other at 370 nm. The spectral po-
sitions slightly shift towards the blue region as compared 
to that of pure LaF3:Ce nano-powder pellet. It is impor-
tant to point out that the 253 nm excitation of the nano  
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Figure 6. Excitation and emission spectra of blank PAM 
and LaF3:Ce3+ embedded PAM discs. (a) Blank PAM exci-
tation (Em = 370 nm); (b) Blank PAM emission (Ex = 253 
nm); (c) and (e) NG2 and NG1 excitation (Em = 308 nm); (d) 
and (f) NG2 and NG1 emission (Ex = 253 nm). 
 
composite gives much lower intensity of the 370 nm 
emission compared to that of blank-PAM. This suggests 
that doping the PAM matrix by the nanoparticles causes 
suppression of the photoluminescent emission from the 
polymer host. The 370 nm PL emission of the host ma- 
trix is further suppressed when the doping concentration 
is increased (curve f). Thus the present results suggest 
that only the nano-particles are selectively excited while 
the host excitation is transferred to the nanoparticles. 
This property may be useful where interference from the 
host is to be avoided. Lower intensity of the 308 nm 
emission from the nanocomposite disc NG1 might be due 
to larger opacity. This suggests that low-doped NG2 
translucent composites can be used as efficient intrinsic 
PL emission materials with reduced interference from the 
host. Figures 7(a) and (b) show the photographs of the 
synthesized PAM discs. It is clear that NG2 disc is 
translucent and NG1 disc is little opaque. 

4. Conclusion 

LaF3:Ce embedded in polyacrylamide discs were synthe- 
sized by a simple two step procedure. The particle size 
was estimated to be of 11 nm from XRD analysis. The 
FESEM micrograph confirmed that the particle sizes 
were distributed between 11 and 85 nm. FTIR spectra con- 
firmed the presence of hydrocarbon chains surrounding 
the nano particles. TEM image analysis confirmed the 
presence of 3.5 nm thickness coating. The photolu- 
minescent study confirmed the presence of the nano- 
phosphor in the organic matrix. Although LaF3:Ce 
nanoparticles and PAM exhibit characteristic PL emission 
at 308 and 370 nm respectively, both these materials have 
excitation peaks at 253 nm. The nanocomposite is found 
to have reduced emission from the host matrix as com- 

 
(a) 

 
(b) 

Figure 7. Photographs of polymer nanocomposite discs (a) 
NG1, (b) NG2. 
 
pared to pure PAM disc, suggesting selective excitation of 
the nanoparticles and suppression of the PL from the 
matrix. 
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ABSTRACT 

The electron density and temperature of the laser induced silicon plasma were measured using two different methods. 
The plasma was produced via the interaction of high peak power Nd:YAG laser at the fundamental wavelength of 1064 
nm with a plane solid iron target contain small traces of silicon as an element of minor concentration. The lines from the 
Si I at 288.15 nm and Si II-ionic lines at 413.08 and 634.71 nm were utilized to evaluate the plasma parameters. The 
reference plasma parameters were measured utilizing the Hα-line at 656.27 nm appeared in the spectra under the same 
condition. The electron density was measured utilizing the Stark broadening of the silicon lines and the temperature 
from the standard Saha-Boltzmann plot method. The comparison between electron densities from different silicon lines 
to that from the Hα-line reveals that the Si I-line at 288.15 nm contain some optical thickness while the Si II-ionic lines 
were found to be free from this effect. The measurements were repeated at different delay times between the laser and 
the camera in the range from 1 - 5 μsec. The electron density was found decreases from 2 × 1018 down to 4 × 1017 cm–3. 
After correcting the spectral intensity at the Si I-line at 288.15 nm, the temperatures evaluated from the different meth-
ods were found in an excellent agreement and decreases from 1.25 down to 0.95 eV with delay time. 
 
Keywords: Laser; Electron Density; Temperature; Plasma; Hα-Line 

1. Introduction 

The Laser-Induced Breakdown Spectroscopy (LIBS) te- 
chnique is one of the potentially growing applied tech- 
niques used in the field of elemental analysis, because of 
its simplicity and non-contact nature [1-10]. Its basic 
principle is based on exciting matter (solid, liquid or gas) 
to plasma state through irradiation by high power laser 
pulses. The plasma formed contains atoms and ions in 
different excited states, free electrons and radiation. Un- 
der the basic assumption that the emitted radiation is in- 
fluenced by the properties of the plasma, hence, it gives a 
detailed picture of the basic structure elements [9] and 
different processes in the plasma [10]. The diagnostics of 
the plasma can be done through the measurements of the 
plasma electron density (ne) and temperature (Te). The 
electron density in general, specifies the state of thermo- 
dynamical equilibrium of the plasma, while the tempera- 
ture determines the strength of the different distribution 
functions describing the plasma state [11]. The optical 
emission spectroscopy (OES) is the tool by which the 
plasma can be diagnosed [11-13]. The measurement of 
the electron density utilizing the Stark broadening effect 
requires a line which is free from self absorption [11-14]. 

Self absorption occurs in general in any kind of system 
capable of emitting radiation, such as homogeneous 
plasma. Moreover, the formation of the plasma in LIBS 
experiments in air shows, in general, a strong gradient of 
temperature due to the cooling effect of the surrounding 
air [15,16]. 

It was reported that the use the Hα-line at the wave-
length of 656.27 nm can grantee a precise measurement 
of the electron density in LIBS experiments in open air, 
since the condition on its optical thickness was examined 
in a similar condition and verified to be optically thin 
[14,15,17]. 

In principle, the self absorption process acting on the 
strong emitted lines i.e. the lines emitted from the major 
element in the target material in LIBS experiments 
[16,18,19], and because of the passive action of this 
process, one can’t use such spectral lines to determine 
the electron temperature. Therefore, the lines that should 
be considered in the measurement of the plasma parame- 
ters must be chosen from the set of lines emitted from the 
minor element in the target material [16] i.e. the silicon 
lines in our case.  

Historically, the relative concentration of Si II/Si I was 
estimated utilizing the Saha-Boltzmann method [20]. In 
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this article, the time resolved images of the plume were 
used to investigate the dynamics of the expanding plasma 
plume, estimating the vapor pressure, vapor temperature, 
velocity, and stopping distance of the plume [20]. A 
Signal enhancements by factors of approximately 30 for 
the Si I 288.16-nm line and 100 for the Al II 281.62-nm 
line were observed with double pulses of the same total 
energy [21]. This effect correlates with a substantial in- 
crease in plasma temperature, with ionic lines and lines 
having a higher excitation energy experiencing a larger 
enhancement [21]. Laser-Induced Breakdown Spectros-
copy of silicon was performed using a nanosecond 
pulsed, frequency doubled, Nd:YAG laser at wavelength 
of 532 nm. Electron densities were determined from the 
Stark broadening of the Si I 288.16 nm emission lines 
and were found in the range from 6.91 × 1017 to 1.29 × 
1019 cm−3 at atmospheric pressure and 1.68 × 1017 to 3.02 
× 1019 cm−3 under vacuum [22]. Milàn and Laserna [23] 
performed diagnostics to silicon plasmas produced in air 
at atmospheric pressure via interaction of 532 nm Nd: 
YAG nanosecond laser. The plasma temperatures were 
determined using the Boltzmann plot method while the 
electron densities were determined from the Stark broad- 
ening of the Si-line at 250.65 nm. Liu et al. [24] per- 
formed spectroscopic analyses to silicon plasmas in- 
duced by nanosecond Nd:YAG at 266 nm, at atmos- 
pheric pressure and the plasma temperatures were deter- 
mined utilizing the line-to-continuum ratio method. 
Electron densities in the range of 1018 - 1019 cm−3 were 
determined from the Stark broadening of the Si I at 
288.16 nm line. 

In this work we shall present the results of the meas-
urements of the plasma parameters (electron density and 
temperatures) utilizing the silicon lines appeared during 
the interaction of the Nd:YAG laser at the fundamental 
wavelength of 1064 nm with plane solid iron target 
which contains a small traces of silicon as well as from 
the Hα-line at different delay times from 1 - 5 μsec and at 
a fixed gate time of 2 μsec. The reference plasma pa-
rameters (density and temperatures) were saved using the 
Hα-line. This piece of work emphasize on correction of 
the spectral intensity from the silicon lines against the 
effect of self absorption in order to evaluate a reliable 
plasma temperature. 

2. Experimental Setup 

The experimental setup used in this paper is described in 
previous articles [14,15]. A Q-switched Nd:YAG laser 
(Quintal, model Brilliant B) was used at the emission 
wavelength of 1.06 μm. The energy per pulse at the tar-
get surface was fixed at a level of 600 mJ. An absolutely 
calibrated power-meter (Ophier, model 1z02165) was 
used in measuring the fraction of the laser light reflected 
from a quartz beam splitter to monitor the incident laser 

energy. The laser was focused on the target by a quartz 
lens of focal length of 10 cm. The target was a certified 
Iron based alloy (type PANalytical B.V) with traces of Si 
(1.16%) mounted on a precise xyz-stage at a distance of 
9.7 cm to avoid a breakdown in air and arranged to pre- 
sent a fresh polished surface at each laser shot.  

The data acquired correspond to a single shot, aver-
aged three times under the same conditions for estimat-
ing the reproducibility margins at each data point. The 
laser spot was measured at the target surface and gives a 
circle of diameter of 1 mm because of the deflagration 
effect and hence laser energy density of the order of 76 
J/cm2 was calculated. The emitted spectra from the target 
surface were acquired using an echelle spectrograph 
(Catalina, model SE 200) equipped with a time gated and 
high speed intensified charge-coupled device (ICCD) 
camera (Andor, model iStar DH734-18F). A quartz opti-
cal fiber was positioned at a distance of 7 mm from the 
axis of the laser and at 1.5 mm from the surface of the 
target. The data was spatially integrated over a distance 
of 1 mm from the target surface. The wavelength scale 
was calibrated using a low pressure Hg-lamp (Ocean 
optics). The instrumental bandwidth was measured from 
the full width at half maximum (FWHM) of the Hg-lines 
and was found on the average to be 0.12 ± 0.02 nm. 
Identification of the different lines in the LIBS spectrum 
was carried out using Spectrum Analyzer Software ver-
sion 1.6. The details of the setup can be found in Figure 
1. The experimental setup was absolutely calibrated us- 
ing a deuterium tungsten halogen lamp (type Ocean op- 
tics, model DH 2000 CAL). The calibration curve in 
Watt/au is shown in Figure 2, which enables us to de-
termine the emitted power at each line by direct com-
parison to the measured spectral intensity in the units of 
au. The gain of the camera was kept at a constant level of 
200. The gate time was adjusted at a gate time of 2 μsec, 
while we have scanned the different delay times from 1 
to 5 μsec to measure the temporal variation of the plasma 
parameters at different delay times after the laser pulse. 

2.1. Measurement of Electron Density 

Spectroscopically, the electron number density in the 
plasma can be measured through different suggested 
methods namely; measurement of the optical refractivity 
of the plasma [11], calculation of the principal quantum 
number of the series limit [11-13], measurement of to 
Stark profile of certain optically thin emission spectral 
lines [13], the measurement of the absolute emission co-
efficient (intensity) of spectral line [13] and finally from 
the measurement of the absolute emissivity of the con-
tinuum emission [13]. 

We shall concentrate on the measurement of the Stark 
width of certain emitted spectral lines; especially the Hα- 
lines appeared in our recorded spectra [14,15]. In principal, 
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Figure 1. The experimental setup. 
 

 

Figure 2. Absolute calibration curve over the spectrograph 
wavelength region. 
 
one should properly matches the experimentally meas-
ured spectral line shape to the theoretically built profile 
in a range of electron densities. At the best fitting, the 
Lorentzian component of the measured FWHM can be 
related to the concentration of the electrons in the plasma 
[13]. In the special case of the hydrogen Hα-line, the 
electron density can be related to the Lorentzian half 
width at the half of the maximum Δλ1/2 through the rela-
tion [14]; 
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while, for atoms or ions other than hydrogen, the electron 
density can be calculated, utilizing the relation [18,19]; 
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whereas, Δλ is the Lorentzian FWHM of the line, and ωs 
is the Stark broadening parameter, that can be found in 
the standard tables [25], Nr is the reference electron den-
sity which equal to 1016 (cm–3) for neural atoms and 1017 
(cm–3) for singly charged ions [18,19]. In the last expres- 
sion the ion impact broadening effect was neglected 
[18,19]. In the above expressions, one should emphasize 
that the lines used to evaluate the electron density should 
be optically thin i.e. doesn’t subjected to absorption by 
the plasma.  

2.2. Measurement of Plasma Temperature 

The measurement of the electron temperature can be 
done through either of the following methods namely; 
the relative intensity of two or more lines emerging from 
the same kind of species and the same ionization stage 
[11-13] or more general the Boltzmann plot [11-13]. The 
wavelength separation of the lines used must be very 
small in order to avoid the corrections against the relative 
response of the detector, the upper excited state energy 
separation should be as large as possible in order to get 
precise results and the lines should be optically thin. The 
temperature can be determined from the slope of the line 
defined by the following expression;  
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whereas, I, λ, A, g are the spectral intensity, wavelength, 
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transition probability and statistical weight of the upper 
state respectively. The subscript numbers indicates dif-
ferent lines. No, Uo are the population density and the 
parathion function of the atom at temperature Te. The 
constants h, c are the Planck constant and speed of light, 
respectively. The lines intensities should be corrected by 
the relative response factors C1,2, at the different emitted 
wavelengths; these factors are saved from the absolute 
calibration curve shown at Figure 2.  

In order to enhance the precision of the measurement 
of the temperature, one can use the second method which 
suggesting the measurement of the relative intensity of 
two or more lines from two emerging from a consecutive 
ionization stages provided that these stages are in local 
thermodynamical equilibrium (LTE). In that case the 
Saha-Boltzmann equation should be used instead of 
Equation (3) [11-13].  

Moreover, the measurement of the absolute intensity 
of an emitted spectral line can provide a precise means to 
measure the electron temperature, provided that the elec-
tron density is known [13]. The following expression can 
be used; 
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whereas,  
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is the absolute spectral line intensity of the line in the 
units of watt per unit m3 per unit solid angle in stridence 
(emitted energy per unit time per unit area in a range 
from λ to λ + Δλ per unit solid angle), Ne is the electron 
density, that can be save from the Hα-line, Ei is the ioni-
zation energy of the atom ground state, and Ej is the ex-
citation energy of the upper emitting state. The rest of 
symbols have their usual meaning. 

It is worth noting that, the quantity 

 2 nm

W
I

m sr

 
  
 

 

can be evaluated after calibrating the experimental setup 
in an absolute way, as was done in our case. 

2.3. Effect of the Self Absorption on the 
Measured Plasma Parameters 

The radiation emitted from the plasma may be subjected 
to absorption by the cold region at the interface with 
surrounding open air lay at the outer side region of the 
plasma [16]. This absorption tends to destroy the shape 
of the emitted lines i.e. the spectral line intensity de- 
creases and the width (FWHM) is enlarged [13-16,18,19]. 

This effect can be best described by the coefficient of 
self absorption (SA). The self absorption coefficient at 
the line center (λo) can be defined as the ratio of the in- 
tensity (counts per sec) of a spectral line subjected to self 
absorption to that of the same line in the limit of negligi- 
ble self absorption and can be calculated from [15]: 
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where Io (λo) is the spectral intensity of the line (counts 
per sec) at the central wavelength (λo) in the limit of neg- 
ligible self absorption (which often occurs in the very 
small concentrations of the analyzed emitting atoms) and 
I (λo) is the experimentally measured line height (counts 
per sec) of the same line in the presence of self absorp-
tion [15]. Equation (5) indicates that the SA factor varies 
from 1 in case of optically thin line to the limit of zero in 
case of completely self absorbed line [15].  

On the other hand, it was pointed out that the SA coef-
ficient can be expressed in terms of the ratio of the Lor-
entzian (FWHM) components of the line widths [15], Δλo  
is the intrinsic FWHM of the Lorentzian component of 
the spectral line in the case if the line is optically thin and 
Δλl is the broadened FWHM of the Lorentzian compo- 
nent of the same line because of the re-absorption proc-
ess which often occurs when the radiation passes the 
plasma in its way to outside the plasma active volume. 
Because of the process of re-absorption, a broadening of 
the Lorentzian component of the line may be noticeable 
[18,19]. The calculated electron density from utilizing 
such broadened line of apparent width of Δλl will lead to 
an apparent larger electron density value ( l

en ) in com-
parison to values evaluated from the Hα-line. By a direct 
substitution in Equation (5) one can get an expression of 
SA in terms of ratio of the electron densities evaluated 
from the line under study to that from the Hα-line. Equa- 
tion (5) shows that the SA coefficient can be expressed in 
terms of the relative electron densities evaluated from the 
line under investigation to that which is derived from the 
reference Hα-line.  

3. Results and Discussions 

An example to a set of emitted spectra in the range from 
200 to 1000 nm is shown in Figure 3, showing the strong 
continuum component appeared under the spectrum 
which decreases quickly with delay time. This continuum 
component is originated from the free-free as well as 
from the free-bound transitions [11-13]. The different Si 
I, II-lines as well as Hα-line are clearly shown at the dif- 
ferent delay times in the range from 1 - 5 μsec. We can 
notice the decrease in the spectral intensity and the 
widths of the different lines. This clear decrease in the 
lines FWHM primarily indicates a decrease in the plasma 
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electron density, while the decrease in the spectral inten- 
sity indicated a similar decrease in temperature. 

The electron density from the Lorentzian FWHM of 
the Hα-line was calculated utilizing Equation (1) with the 
α1/2 parameter was given at Ref. [25]. At the best fitting 
of the measured line shape to the theoretically calculated 
Voigt shape one can extract the Lorentzian (ΔλStark) 
component of the line FWHM. The theoretical line shape 
was previously built through the convolution between the 
different contributions to the lines FWHM taking into 

account both of instrumental (ΔλInst ~ 0.12 nm) and the 
Doppler (ΔλDopp ~ 0.04 nm) components. The results of 
the measured electron densities utilizing the Hα-line as 
well as from the Si I and Si II lines appeared in the same 
spectra are shown in Figure 4, at different delay times in 
the range from 1 - 5 μsec. The atomic constants used to 
evaluate the electron densities from the silicon lines are 
given in Table 1. 

We can notice that the density calculated from the 
ionic lines is very close to the densities which are calcu- 

 

 

Figure 3. The recorded spectra at different delay times (1 - 5 μsec). 
 

 

Figure 4. The variation of the measured electron density 
from different lines with delay time; open squares (Hα-line), 
filled circles (Si I at 288.15 nm), open triangles (Si II at 413 
nm) and the filled inverted triangles (Si II at 634 nm). 
 

Table 1. Atomic parameters of the Si I, II. 

Element 
Wavelength 

(nm) 

Transition 
probability 

(sec–1) 

Statistical 
weight 

Stark broadening 
parameter 
(nm)/Nr 

Source 
reference

Si I 288.15 1.89  108 3 0.00064633/1  
1016 

11 

Si II 413.08 1.42  108 8 0.0606/1  1017 11 

Si II 634.71 7  107 4 0.09/1  1017 11 

lated from the Hα-line under the same condition. This 
indicated that these lines are optically thin (See predic- 
tions of Equation (5)). On the other hand, the values of 
the same density utilizing the spectral broadening of the 
Si I at 288.15 nm shows a higher values than that from 
the Hα-line. This result means that the line from the Si I 
at 288.15 nm suffering from some optical thickness. 
Moreover, this figure confirms that the coefficients of 
self absorption are changing with delay time. 

These coefficients of self absorption were calculated 
using Equation (5) and the spectral line intensity was 
corrected also using expression  

   o
o o

I
I

SA


   

so as to give the values of the intensity Io (λo), as if, no 
self absorption. Figure 5, Shows an example of the Saha- 
Boltzmann plot after correcting the spectral line inten- 
sity of the Si I at 288.15 nm against the effect of self ab- 
sorption. We can notice that, after the application of the 
correction process to the line of Si I at 288.15 nm, the 
line joining the data points derived from the ionic silicon 
lines well matches the data point from the neutral Si I at 
288.15 nm. 
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Figure 5. An example of the Saha-Boltzmann plot utilizing 
the Silicon lines at a delay time of 2 μsec and gate time of 2 
μsec. 
 

Furthermore, we have used the absolute calibration in 
order to evaluate the emission coefficients (intensities) at 
the Hα-line in the units of (Watt/m2 nm Sr), and hence 
with the help of Equation (4) the reference electron tem-
perature.  

Figure 6 shows a comparison between temperatures 
calculated using the absolute calibration at the Hα-line 
(open squares) and the temperatures as measured from 
the Saha-Boltzmann plot method. One can notice such a 
close agreement between the measured electron tem-
peratures using the corrected spectral intensity of the Si I 
at 288.15 nm and from the absolutely calibrated spectral 
intensity of the Hα-line, and may indicate the quality of 
the absolute calibration as well as the precision of the 
correction of the spectral intensity against the effect of 
self absorption. 

4. Conclusion 

The plasma parameters were measured to plasma cra-
tered via the interaction of Nd-YAG laser with a solid 
target in air. The silicon lines, arose from target minor 
concentration, were used to evaluate the plasma parame-
ters as well as the Hα-line. One line from the Si I at 
288.15 nm was found to suffer from the effect of self 
absorption that was repaired utilizing the Hα-line ap-
peared in the spectra. The temperature was calculated 
using two different methods that can confirm one another. 
One method is the ordinary Saha-Boltzmann plot after 
correcting the Si I-line at 288.15 nm agonist self absorp-
tion and the other method using the absolute intensity 
emitted from the Hα-line. A close agreement in the re-
sults of the different methods used in plasma diagnostics 
shows that the spectral line intensity should be corrected 
before be used in the measurement of temperature. 
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ABSTRACT 

In the present work the synthesis of C60 produced in a conventional microwave oven from the decomposition of cam- 
phor resin is reported. The polycrystalline structure of the sample was determined by X-Ray Diffraction (XRD), the sam- 
ple showed several phases, the main phase corresponds to fullerene C60 ordered in a Face-Centered Cubic structure (FCC), 
with two more structures: one orthorhombic system and the other the monoclinic system coexisting also with graphite 
2H phase. It was observed in a Scanning Electron Microscopy (SEM), that the sample formed thin films of stacked 
carbon. Whereas in a High Resolution Transmission Electron Microscopy (HRTEM), measurements in Bright Field 
mode revealed that the main phase of the material is C60 ordered in FCC structure and the elemental composition and 
atomic bonding state can be determined by analyzing the energy with the electron microscope by Elesctron Energy- 
Loss Spectroscopy (EELS), technique allowed confirm all the phase C60 established with XRD observations. 
 
Keywords: Microwave-Assisted Synthesis; Carbon Film; Fullerene 

1. Introduction 

Carbon thin films are important for the development of 
applications due to the physicochemical properties [1-5]. 
Several methods are currently used for the preparation of 
carbon films such as: the condensation of steam to car- 
bon, magnetron sputtering, mechanical peeling, chemical 
vapor deposition, physical vapor deposition [6-11] among 
others. In these methods the films are obtained in tem- 
perature conditions at ranges of 950˚C - 1250˚C with 
different energies from 100 to 1000 eV at pressure from 
1 to 5 × 10–7 Tor using inert atmospheres or carbon gases 
as control atmospheres, flowing in a continuous way to 
obtain small area films with thicknesses from 500 nm to 
10 microns and crystalline or amorphous structure [12], 
making this synthesis expensive. Comparing the chemi-
cal precursors used in the synthesis of carbon films, it 
was observed that organic resins present more advan- 
tages than the inorganic precursors because some of 
these resins are environment friendly that is why cam- 
phor resin was chosen [13-15]. It is important to mention 
that camphor C10H16O resin has been successfully used in 
carbon nanomaterial synthesis and also in carbon films 

[16-20]. Therefore the Microwave Assisted Synthesis 
(MAOS) [21-28], is a cost-effective alternative technol- 
ogy which reduces the impact on the environment by 
saving energy, being able to produce materials and mi- 
crostructures that cannot be performed by other methods. 
The aim of this work was to find the synthesis and mi- 
crostructural of carbon films to characterization them 
carbon films by microwave radiation a resins of com- 
mercial camphor. 

2. Experimental Details 

2.1. Microwave Oven Preparation 

The plate was removed from the microwave oven and the 
samples were placed in a position where the microwave 
radiation reaches the maximum. Determinations of max- 
imum and minimum points were done as reported in lit-
erature [29]. Resin sample were located in one of the 
points where microwave radiation has one maximum. 

2.2. Sample Preparation 

For this work 250 mg of camphor Sigma-Aldrich were 
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placed in a Florence flask because it was observed that 
this glass result better than Pyrex glass under the same 
radiation condition (Figure 1(a)). The flask volume was 
250 ml; the glass container with camphor was located 
inside a commercial SANYO microwave oven with a 
frequency of 2450 MHz. The sample was heat treated to 
the maximum power (1480 Watts) for 5 minutes. Until a 
carbon film was observed through the microwave oven 
windows. During the heat treatment, the temperature was 
measured by using an Infrared Thermometer Cole Palmer 
Mod.800-323-4340 with LCD display, with a tempera- 
ture range of −18˚C to 900˚C (Figure 1(b)). 

2.3. Sample Characterization 

The film sample were characterized by X-Ray Diffrac- 
tion in a Siemens D-500 diffractometer using CuKα (λ = 
1.54 Å).The sample were observed with two instruments 
a Scanning Electron Microscope SEM/FIB NOVA 200 
(with point resolution of 1.7 Å) and High Resolution 
Transmission Electron Microscopy FEI Tecnai G-20 to 
200 kV with resolution of 1.9 Å. Also the sample was 
analyzed by electron energy loss spectroscopy (EELS) 
for quantitative chemical determination and detail about 
the e-type vibrations resolution @ 20 to 200 kV. The 
micrographs were analyzed using Digital Micrograph 
Software version 3.7 for GMS 1.2 Gatan Company. 

3. Results and Discussion 

3.1. Sample Obtained 

The temperature of the substrate and the structure of the 
deposited species are the major factors for growth of the 
carbon thin film which depend on the wavelength of the 
microwaves and the reaction volume, these factors con- 
trol the atomic mobility on the surface and determining 
the physical characteristics of the deposited films such as: 
microstructure, composition and structure. This is be- 
cause carbon atoms when exposed to microwave radia- 
tion, the temperature can increase rapidly by dielectric 
heating [30,31], the mechanism responsible for the po- 
larization or the effect Maxwell-Wagner due to the free 
electrons in the carbon. It is known that different allo- 
tropes or organic precursor upon heating to different de- 
grees in a microwave field depend on its structure and 
composition for this reason are considered microwave  
 
 (a) (b) (c)

 

Figure 1. (a) Terpenoid C10H16O; (b) Synthesis in micro- 
wave oven; (c) Carbon thin films. 

absorbing material [32,33]. The average film surface is in 
the range from 2 to 12 cm2 (Figure 1(c)), obtaining films 
of high surface area compared with the literature that a 
macroscopic level the average size of the area of the 
films is reported 2 cm × 2 cm [34]. 

3.2. X-Ray Diffraction Patterns 

The diffraction pattern of carbon thin film is shown in 
Figure 2. In this pattern many phases were observed and 
they were identified using a reference database cards 
ICDD PDF-2 Release 2003 [35-39]. 

It was observed that the well-defined peaks in this 
pattern correspond to the highly ordered crystalline struc- 
tures. In this pattern those peaks are thin and correspond 
to main phase of the sample which is C60 fullerene mo- 
lecule ordered in a face-centered cubic structure which is 
the phase of higher symmetry. In this pattern a broad 
peak, in the range between 15 and 26 degrees can be ob- 
served, this peak is crowned by other well defined low 
intensity peaks, corresponding to lower symmetry phases 
C60 ordered in orthorhombic and monoclinic structures. 
Another phase observed was the hexagonal 2H graphite 
phase. It can be noticed that the presence of these phases 
may be caused by the difference in temperature in the 
container and between the sample and glass substrate. A 
summary of the observed phases is shown in Table 1. 

3.3. Scanning Electron Microscope and Electron 
Dispersive Spectroscopy 

In Figure 3(a) the scanning electron micrograph of car- 
bon film is shown. Since graphite tape may cause confu- 
sion with the carbon film, which is commonly used to 
hold samples, the carbon film was supported on a copper 
tape. 

In Figure 3(b) it was observed that carbon film con- 
sists of a series of stacked monolayers. The film thick- 
ness was measured using FEI Nova Nanolab analysis and 
imaging software. The film thickness varies from 140.8 
to 523.3 nm. A qualitative chemical composition was  
 

 

Figure 2. XRD pattern carbon thin film. 
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Table 1. Phases of the diffraction pattern of carbon film. 

Name 
Charter 
Number 

Crystalline 
Structure 

Lattice  
Parameter (Å) 

Space 
Group 

Percentage 
of Phase (%)

C60
a 

81-2220 
82-0505 

Face-centered 
cubic 

a = 14.16 Fm 3 m 82.7 

C60
b 49-1718 Orthorhombic 

a = 9.56 
b = 8.87 
c = 8.34 

 
- 

4.1 

C60
b 49-1719 Monoclinic 

a = 10.27 
b = 7.80 
c = 9.49 
 = 92.4 

 
- 

2.5 

Graphite 
2Hc 

89-7213 Hexagonal 
a = 2.464 
c = 6.711 

P63/mm
C 

4.1 

C70
d 50-1363 Rhombohedral 

a = 9.92 
c = 26.51 R 3 m 6.6 

aReference [37,40], bReference [35], cReference [38], dReference [36]. 

performed (Figure 3(c)) by Electron Dispersive Spec- 
troscopy (EDS). The sample is mainly composed by 
carbon (93.88% at) and oxygen (6.12% at). 

3.4. High-Resolution Transmission Electron 
Microscopy-Electron Energy Loss 
Spectroscopy 

In Figure 4(a), bright field electron transmission micro- 
graph of sample is observed. From this Figure, it is easy 
to observe the crystalline behavior of cubic phase C60 
(Figure 4(b)). Two interplanar distances were measured, 
using the Digital Micrograph program (D.M). 

The direction index associated with those d spacing 
were [4 0 0] y [3 11] and zone axis from plane (0 4 4 ). 

 
 (a) (b) (c)

EDAXZAF Quantification(Standardess) 
Element Normalized 
SEC Table: Default 

Elem Wt% At% K-Ratio Z A F 
CK 92.01 93.88 0.8287 1.0014 0.8994 1.0001
OK 7.99 6.12 0.0117 0.9840 0.1490 1.0000

Total 100.00      

 

1.00  2.00 3.00   4.00  5.00  6.00   7.00  8.00

c

o

 

Figure 3. (a) SEM micrographs of the carbon film; (b) Thickness of carbon film; (c) EDS-carbon film. 
 

 

Figure 4. (a) Bright field electron HRTEM carbon films; (b) Fast Fourier transformation; (c) EELS spectra. The spectra 
show the * and * peaks in the carbon K-edge; (d) Histogram of the measuring the diameter of the molecule C60. 
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The buckyball molecule diameter was also measured 

using the D.M, It was found that molecule diameter value 
was 6.83Å and corresponds to C60 molecule diameter 
(Figure 4(d)). The measurement error was 3.95% [40- 
42].  

The possible existence of small fullerenes is strength- 
ened by the observation that the peak of the diameter 
distribution shifts from 5 to 7 Å and back again with 
increasing residence time, indicating that the smaller 
structures is not an artifact of the measurement method. 

On the other hand, by the technique of the energy loss 
spectrum of electrons in the thin film of carbon corre- 
sponds to C60 in the range of 280 to 295 eV (Figure 4(c)). 
The peak near 285 eV corresponds to the transition 1S 
*(C-C), while the peak 290 eV corresponds to the 
transition 1S  * (C-H), these transitions are due to the 
formation of covalent bonds with nearby neighbors po- 
lymerized C60 cluster [43-46], the hump at 296 eV in the 
region of the carbon K-edge this is characteristic of the 
C60 molecule and was also identified a peak at 530 eV 
corresponding to oxygen. The 285 eV peak is indicative 
of the sp2 bonding fraction; the second peak at 287 eV is 
attributed to molecular structure within the sample; the 
third at 293 eV is determined by sp3 bonding contribu- 
tions in the simple. 

4. Conclusions 

In this work, it was possible to obtain from the pyrolysis 
of camphor in a conventional microwave oven, a carbon 
thin film. 

The film is polycrystalline and consists of fullerenes 
arranged in different crystal structures and graphite 2H. 
This indicates that the sample is formed within the 
furnace in a gradient of temperatures around 800˚C 
working with maximum power of the oven. The main 
phase corresponds to fullerene ordered in a face-centered 
cubic structure. The sample shows oxidation. 

The area of the sample is higher than obtained by other 
techniques and is a function of the precursor container 
volume ratio 10:1. 

The surface of the film consists of several monolayer 
of carbon molecules stacked carbon, even leading ma- 
terial of varying thickness. 

It was identified peak near 285 eV corresponds to the 
transition 1S  * (C-C), while the peak 290 eV corre- 
sponds to the transition 1S  * (C-H), these transitions 
are due to the formation of covalent bonds with clusters 
near neighbords polymerized C60 and a peak at 530 eV 
assigned to oxygen. 
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