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Fabrication of Solid Random
Gain Media in Visible Region
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from Rhodamine Dye
Solutions Containing Highly-

Pure Titanium Dioxide
Nanoparticles

In this work, solid random gain media were fabricated from laser dye solutions
containing nanoparticles as scattering centers. Two different rhodamine dyes
(123 and 6G) were used to host the highly-pure titanium dioxide nanoparticles
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to form the random gain media. The spectroscopic characteristics (mainly
fluorescence) of these media were determined and studied. These random gain
media showed laser emission in the visible region of electromagnetic spectrum.
Fluorescence characteristics can be controlled to few nanometers by adjusting

the characteristics of the host and nanoparticles as well as the preparation
conditions of the samples. Emission of narrow linewidth (3nm) and high
intensity in the visible region (533-537nm) was obtained.
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1. Introduction

Since the invention of the first laser in 1960, one
of the most fundamental challenges in laser physics is
the fabrication of high-efficiency laser system [1,2].
Recently, the research on the multiple scattering by
tiny particles within random gain medium and has led
to a new field known as “random lasers”, which
generate coherent light with no need to conventional
laser resonator as the light amplification is obtained
by the multiple scattering of photons in such
amplifying disordered medium [3-6]. This process is
governed by the Rayleigh condition of scattering as
A>>d, where d is the diameter of the particle at which
the photon is scattered.

The need for laser emission at certain wavelength
is increasing as the uses and applications of lasers are
drastically increasing. This could be carried out using
optical or optoelectronic elements added inside the
laser resonator to control the emitted wavelength or
to select certain wavelength from the output laser
linewidth [7-9]. Random laser can acceptably
produce the output with single wavelength. This
mainly depends on the selection of the host medium
(dye) containing the scattering particles (scatterers)
and their spectral properties [10]. The idea of the
random gain medium is mainly based on the presence
of small particles inside the gain medium, so they will
act as random and multiple scattering centers [11,12].
The scattering centers will act as tiny resonators
inside the dyes medium to achieve the required
amplification of laser signal [13-16].
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Organic dyes have been used as gain medium for
lasers since the 1960s, long before the invention of
today’s organic electronic devices [1]. Organic gain
materials are highly attractive for lasing due to their
chemical tunability and large stimulated emission
cross section [15]. When the organic dye is dissolved
in a suitable solvent (such as ethanol, methanol,
water, etc.), it can be used easily as laser active
medium in dye lasers [16].

Among all laser dyes, Rhodamine 6G (also known
as R590) is the most common and frequently used for
laser generation due to its high efficiency in addition
to the wide tunable spectral bandwidth [17]. As it has
a large cross-section area compared to other dyes and
its high photo-stability, this dye has a high absorption
in the visible range [18]. The molecular structure of
this dye is characterized by a number of double bonds
assigned as "zm-bond coupling”, which is the reason
for the activity of such materials [19,20]. However,
the family of xanthene dyes including fluorescein,
eosin and rhodamines, the latter show the higher
quantum efficiencies in photonic and optoelectronic
uses [21].

In this work, solid random gain media were
fabricated from laser dye solutions containing
nanoparticles as scattering centers. Two different
rhodamine dyes (123 and 6G) were used to host the
highly-pure titanium dioxide nanoparticles to form
the random gain media. The spectroscopic
characteristics (mainly fluorescence) of these media
were determined and studied. These random gain
media showed laser emission in the visible region of
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electromagnetic spectrum. These characteristics
(mainly emission wavelength to few nanometers) can
be controlled by adjusting the characteristics of the
host and nanoparticles. Emission of narrow linewidth
and high intensity in the visible region was obtained.

2. Experimental Method

Rhodamine 123 and Rhodamine 6G dyes
(supplied by Lambda Physik) were used in this work
as the host media. The dye solutions were prepared
by dissolving different molar concentrations of each
dye (102, 103, 104, 5x10*4, 10°, 5x10%, 10 M) in
different solvents (ethanol, methanol, propanol,
hexanol, chloroform, distilled water, acetone) to
determine the optimum concentrations as well
optimum solvents.

According to the absorption and fluorescence
spectra of the prepared solutions recorded in the
spectral range 170-960 nm, it was found that the
optimum molar concentration was 104 M for
Rhodamine 123 in propanol and 10° M for
Rhodamine 6G in propanol too.

Different weights (0.5, 1, 1.5, 2 and 2.5 mg) of
highly-pure titanium dioxide nanoparticles were
added to the prepared solutions to form random gain
media. The solution was slowly stirred to ensure the
homogeneous diffusion of the nanoparticles within
the dye solution. The optimum weight of these
nanoparticles was determined according to the
fluorescence spectra as the weight corresponding to
the sample exhibiting the highest fluorescence
intensity.

A computer-controlled K-MAC Spectra Academy
SV-2100 UV-visible spectrophotometer was used to
record the fluorescence spectra of the prepared
samples. Also, the fluorescence spectra were
recorded wusing F96 Shanghai Leng Guang
Fluorescence Spectrophotometer with a xenon lamp
as the excitation source in the spectral range of 4500-
650 nm. To measure the irradiance of the prepared
samples, the light source of the spectrophotometer
may be replaced with a laser source. The fluorescence
measurements on the final samples in the solid form
were performed by illuminating them with a 532nm
laser in dark. This laser was maintained on a fixed
holder to be aligned vertically and horizontally with
respect to the sample.

The highly-pure titanium dioxide nanoparticles
were synthesized by a dc reactive magnetron
sputtering technique. The system used for this
purpose is shown in Fig. (1a). A highly-pure titanium
target was sputtered by plasma generated by argon
discharge in presence of oxygen as reactive gas. The
mixing ratio of Ar:O, gases was 50:50. More details
on this technique can be found elsewhere [22-25].

Titanium dioxide thin films were deposited on
glass substrates and the film thickness could be
determined by the deposition time. The titanium
dioxide nanoparticles (Fig. 1b) were extracted from
the deposited thin films by the conjunctional freezing-

assisted ultrasonic extraction technique. In this
technique, the nanoparticles are extracted from the
thin film without any heat treatment or mechanical
processing and hence no increase in the particle size
is induced. Experimental details on this technique can
be found in references [26,27].

(b)
Fig. (1) (@ A photograph of the dc reactive magnetron
sputtering system used in this work, and (b) the highly-pure
TiO, nanopowder extracted from the thin film samples
prepared in this work

As shown in Fig. (2a), the sample on the right was
prepared from 10* M of Rhodamine 123 dye
dissolved in propanol, while the sample on the left
was prepared from 10* M of Rhodamine 123 dye
dissolved in propanol and containing 2.5 mg of
highly-pure TiO, nanoparticles. Similarly, as shown
in Fig. (2b), the sample on the right was prepared
from 10° M of Rhodamine 6G dye dissolved in
propanol, while the sample on the left was prepared
from 10° M of Rhodamine 6G dye dissolved in
propanol and containing 2.5 mg of highly-pure TiO;
nanoparticles.

Figure (3) shows the final samples of the random
gain media fabricated as solid rods of Rhodamine 123
(Fig. 3a) and Rhodamine 6G (Fig. 3b) dyes dissolved
in propanol and containing 2.5mg of TiO;
nanoparticles. These samples were embedded in
appropriate resin to take their solid shape.

The solid rod was prepared manually without any
chemical or heat treatment by adding a sufficient
amount of the resin to the dye solution containing the
nanoparticles in a glass tube. The weight percentage
of resin was 99%, while the dye solution containing
nanoparticles represented 1% only. This mixture was
kept inside the tube and left in dark at room
temperature for 48 hours to get its final form. In order
not to affect the absorption and fluorescence
characteristics of the prepared solution, the resin is
totally transparent in the visible region. Although, the
fact that the nanoparticles might precipitate at the
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bottom of the glass tube, the measurements confirmed
that the nanoparticles were randomly distributed in
the solid medium and their number was sufficiently
large to perform multiple scattering.

s
(b)
Fig. (2) The samples prepared from (a) 10 M of Rhodamine
123 dye dissolved in propanol without and with 2.5mg of TiO,
nanoparticles, and (b) 10° M of Rhodamine 6G dye dissolved
in propanol without and with 2.5mg of TiO, nanoparticles
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Fig. (3) The random gain media fabricated in this work as solid
rods from 10* M of Rhodamine 123 (a) and Rhodamine 6G (b)
dyes dissolved in propanol, containing 2.5mg of highly-pure
TiO, nanoparticles and embedded in transparent resin

3. Results and Discussion

Figure (4) shows the x-ray diffraction (XRD)
pattern of TiO2 nanoparticles synthesized in this work
using Ar:0O; gas mixing ratio of 50:50 and after
deposition time of 3 hours. The synthesized
nanoparticles showed mixed-phase structure (anatase
and rutile) of TiO,. This pattern shows primarily the
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structural purity of the synthesized nanoparticles as
no peaks belonging to other materials than TiO, were
observed. The structural purity of the nanoparticles is
very important to ensure the homogenous response of
them as scattering centers to the laser signal generated
by the dye hosting them.

600

400 A

Intensity (cps)

200 A

20 30 40 50 60 70 80
Diffracgtion angle 26 (deg)

Fig. (4) XRD pattern for TiO, nanoparticles synthesized in this
work

The formation of nanostructures in the prepared
sample was identified by the SEM result as shown in
Fig. (5). A minimum particle size of about 40 nm can
be seen while no large aggregation is observed.
Smooth and uniform morphology surface is observed
with the presence of granular grains. The
nanoparticles show alignment and homogeneous
distribution (with no voids), but their diameters are
rather uniform. The surface also contains polyhedral
shells distributed randomly on the substrate, with
some of them line up along the nanoparticles. These
images also show small granular grains distributed
throughout the surface without any cracks.

VMW TR Y
Vo Bt 110 g

e L e )

Fig. (5) The SEM image of the TiO, sample prepared in this
work using 1:1 gas mixture after deposition time of 2 hours
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In order to confirm the structural purity of the
TiO, nanoparticles, which is highly preferred for
studies concerned to the concepts of physical and
chemical characteristics and processes, the energy-
dispersive x-ray spectroscopy (EDX) was performed
and its result is shown in Fig. (6). The elemental
composition of TiO, nanoparticles shows that no
elements other than Ti and O were found in the final
sample and the stoichiometry of the TiO, compound
is also confirmed.

12000- Tk
11000-
10000-
9000-;
8000-
TiLa
70005 O Ko
6000-:
5000-;
4000-

3000-

2000-

1000-

TiKB
P ] <

10.00

Fig. (6) EDX spectrum of TiO, nanoparticles synthesized in this
work

Figure (7) shows the fluorescence spectra of the
samples prepared from Rhodamine 123 dye in
propanol before and after adding the TiO;
nanoparticles in the spectral range of 450-650 nm
using a 532nm laser beam as the excitation source.
Similarly, figure (8) shows the fluorescence spectra
of the samples prepared from Rhodamine 6G dye in
propanol before and after adding the TiO;
nanoparticles in the spectral range of 450-750nm
using a 532nm laser beam as the excitation source.

For Rhodamine 123 samples, the peak intensity
was measured in the narrow range 532-535 nm and
the sample after adding the TiO, nanoparticles as a
solid rod showed that the intensity is higher by 100%
than that the peak intensity of the sample after adding
the TiO2 nanoparticles as a solution and by 250% than
that of the dye solution only. Accordingly, the full-
width at half maximum (FWHM) was determined to
be 55 nm for Rhodamine 123 dye solution only, 12
nm for Rhodamine 123 dye solution with 2.5 mg of
TiO, nanoparticles, and 3 nm for solid rod of
Rhodamine 123 dye solution with 2.5 mg of TiO;
nanoparticles.

In case of Rhodamine 6G samples, the peak
intensity was measured in the narrow range 580-590
nm and the solid rod of Rhodamine 6G dye solution
containing 2.5 mg of TiO, nanoparticles showed
intensity higher by 100% than that of Rhodamine 6G
dye solution containing 2.5 mg of TiO2 nanoparticles
and by 250% than Rhodamine 6G dye solution only.
Accordingly, the full-width at half maximum
(FWHM) was determined to be 60 nm for Rhodamine
6G dye solution only, 10 nm for Rhodamine 6G dye

solution containing 2.5 mg of TiO nanoparticles, and
4 nm for solid rod of Rhodamine 6G dye solution
containing 2.5 mg of TiO, nanoparticles.
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Fig. (7) Fluorescence spectra of solid samples prepared from
Rhodamine 123 dye solution before and after adding TiO,
nanoparticles using 532nm laser beam as the excitation source
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Fig. (8) Fluorescence spectra of solid samples prepared from
Rhodamine 6G dye solution before and after adding TiO;
nanoparticles using 532nm laser beam as the excitation source

Figure (9a) shows visually the fluorescence of the
solid rod fabricated from Rhodamine 123 dye
solution containing 2.5 mg of TiO, nanoparticles as it
was irradiated with a 532 nm laser beam. It is
apparent that the fluorescent volume of the sample is
extending to more than 50 of the sample length. With
a high intensity beam like laser, this is attributed to
the homogeneous density of the sample. The
fluorescence has a light yellowish green color, which
lies within the spectral range of 530-565 nm. This
experimental and direct result agrees well with the
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precise measurement of fluorescence previously
presented in Fig. (7), which is individually shown in
Fig. (9b).

Flunwrsoance leanosiny o it |

Jt mwm h"-‘:"m 47 W
(b)
Fig. (9) (a) Fluorescence of the solid rod fabricated from
Rhodamine 123 dye solution containing 2.5 mg of TiO;
nanoparticles when irradiated by 532 nm laser beam, and (b)
the position of experimental result within the spectral range of
fluorescence presented in Fig. (5)

4. Conclusions

Random gain media were fabricated to produce
laser radiation in the visible region of electromagnetic
spectrum. These media were fabricated as solid rods
from dye solutions hosting highly-pure nanoparticles.
Two different rhodamine dyes (123 and 6G) were
used to prepare solutions in propanol and host highly-
pure titanium dioxide nanoparticles as scattering
centers to form random gain media. These
nanoparticles were synthesized by dc reactive
magnetron sputtering technique and their structural
purity were determined and found to have both phases
of TiO, (anatase and rutile). This work represents a
very encouraging attempt to fabricate highly-efficient
and low-cost random lasers to emit in the visible
region. Spectroscopic characteristics of the prepared
samples showed that controlling preparation
conditions can effectively control their fluorescence
characteristics.
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upon AC conductivity were studied in the range 100Hz-10MHz and temperature
range of 30-180°C. The AC activation energy was found to increase with increasing
substrate temperature from 20 to 150°C and to decrease with increasing frequency
from 100 Hz to 100 MHz. A nonsystematic sequence was shown with the increment
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1. Introduction

Recently, many quaternary materials have been
extensively explored and invented for requiring a
better performance of photonic and optoelectronic
devices, such as CulnGaS;, CulnGaSe, CulnSeTe,
CulnSTe, ZnInSnO, InGaznO, CuzZnSnTe and Cu-
ZnSnSe [1-8]. Particularly, CulnGaS; possesses Cu,S
and InGa characteristics that can be applied in many
fields of photonics and optoelectronics [9]. This study
uses multi-compound CulnGaS, material and applies
in channel layer of thin-film transistors (TFTs). Many
different Cu,S-based TFTs became emerging devices
and strongly expected to replace conventional silicon
TFTs because of their good device performance, and
potential for transparent and flexible active circuits
[10,11]. However, the composition of Cu,S-based
crystallization is not stable enough that can affect the
performance of TFTs. The additional indium and tin
doping promoted a more stable equilibrium the
CulnGas; matrix that can help the performance of the
optoelectronics devices improvement [12].

Quaternary compounds are considered as
absorbing materials for solar cell applications. There
are few data available about their bulk material
properties [13-15] as well as thin films [16-19]. The
available data refer that there is a strong dependence
between their structure and preparation conditions,
which may be due to the amorphous nature as well as
the dependencies of their properties on the ambient
conditions. The electrical and optical properties of
CulnGaS;, CulnGaSe, CulnSeTe and CulnSeS thin
films were determined and studied [20,21].

ISSN 1813 — 2065

© ALL RIGHTS RESERVED

CulnGaS; adopts the chalcopyrite structure
similar to high-efficiency CulnGaSe;. Despite the
high photoconversion efficiency of 23.35% achieved
using CulnGasS,, the certified record PCE of pure
sulfide solar cells remained limited to 15.5% thus far.
Hence, determining the losses and their underlying
origin is of paramount importance to improve the
understanding and, consequently, the performance of
pure sulfide CulnGaS; chalcopyrite [22]. A good
solar absorber material requires an efficient
generation of photocarriers followed by a sustained
build-up of charge-carrier density [23]. The latter is
directly correlated to quasi-Fermi level splitting
(QFLS) and charge-carrier lifetime, often used to
analyze the absorber quality [24,25]. Non-radiative
recombination losses reduce the maximum
achievable QFLS and lifetime, increasing photo-
voltage deficit. The PCE for CulnGaS; has remained
limited for a long time, mainly due to a large photo-
voltage deficit. Moreover, rather low QFLS and short
charge-carrier lifetimes (~hundreds of ps) are
typically observed for CulnGaS;. This implies
significant non-radiative recombination in CulnGaS,.
The origin of non-radiative recombination lies in both
bulk and interface (front and back-contact) defects
[26-28].

This work presents the synthesis of quaternary
alloy of CulnGasS; and then preparation of thin films
at various substrate temperatures and point out the
dependencies of dielectric and structural properties
on deposition condition using relation between the
preparation temperature and these properties.
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2. Experimental Work

The alloys of CulnGaS, were prepared by
quenching technique. The exact amount of high
purity (99.99%) copper (Cu), indium (In), gallium
(Ga) and sulfur (S) elements, in accordance with their
percentages, are used. The mixed elements are sealed
in evacuated (=10 Torr) quartz ampoule (25 cm in
length and 8 mm internal diameter). Ampoules
containing the elements were heated up to 1000 °C
and frequently rocked at the highest temperature for
10 hours. The quenching was done in water
immediately after taking out the ampoules from the
furnace. Edward vacuum coating system was used to
deposit CulnGaS; films at different substrate
temperatures (30, 100 and 150 °C).

Aluminum electrodes with thickness of 200 nm
were deposited on each adjacent surfaces of specimen
by thermal evaporation technique under pressure of
10 Torr using an Edward E306A coating unit. The
specimen was fixed in a holder and placed into a
Heresies electronic temperature-controlled oven.
High and low holder terminals are connected to a
Hewlett-Packard HP4274A dielectric analyzer, the
third holder terminal was connected to the earth. The
dielectric parameters like total resistance (Ry), total
capacitance (Cr) and dissipation factor (tand) were
measured (in parallel mode) under certain frequency
range 10%-10° Hz. The AC conductivity (cac) has
been estimated from the obtained dielectric data using
the following relation [29]:

& = Zac (1)

where the dielectric constants (g1 and &) can be

calculated using the following relation [29]:

=Lt 2)
& oA (
where C is the capacitance, g is the permittivity of
free space, t is film thickness, is the angular
frequency, A is the effective area for capacitance, and

oac is the AC conductivity given by [30]:
O 0 = WEE tand

®)
where tand is the dielectric tangent loss

The conductivity measured with an AC technique
is given by [30]:
o(®,T) = 64e(T) + a(T)w® 4)

The first term o4c(T) in Eq. (5) is the direct current
or DC conductivity, ®=0, conductivity, while the
second term a(T) is the temperature-dependence
factor and “s” is an exponent in the range 0<s<l. This
equation estimates that if the first term is less than the
second term, then o(w,T)xw®, so that the plot diagram
of o versus log(m) is a straight line with slope s. While
if the first term is larger than the second term (with
increasing temperature), then the plot of ¢ versus o in
log scale should give a horizontal straight-line.

3. Results and Discussion

Figure (1) shows the SEM images of the as-
deposited CulnGaS, thin films deposited on
substrates of different temperatures (20, 100 and

150°C). It is clear that the particle size on the surface
is decreasing with increasing substrate temperature.
This can be attributed to the effect of substrate
temperature to diffuse the deposited particles into
smaller ones before finally deposit over the substrate.
This reduction in the particle size may have
reasonable effect on the physical properties of these
films, mainly conductivity and dielectric constant.
However, increasing substrate temperature should be
carefully chosen to produce CulnGas; thin films with
required properties and characteristics for certain uses
and applications.

Fig. (1) SEM images of as-deposited CulnGaS; thin films
deposited on substrates with temperature (a) 20°C, (b) 100°C,
and (c) 150°C

Figure (2) shows the dependency of angular
frequency on total conductivity owi(w) for the
CulnGas; thin films deposited at different substrate
temperatures (20, 100 and 150°C) in the heat
treatment range 30-180 °C. It is clear that there is
proceeding increase of oiwi(®) that increased within
the whole frequency range, i.e., the alternative (AC)
conductivity, and the dominated or, opc conductivity
is much lesser than the cac, which indicates that the
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electronic polarization and the conductivity is purely
AC. Some uses and applications of quaternary
semiconducting thin  films, especially power
electronics and high-temperature photonics, require
to determine such behavior within as much as stable
range of varying temperatures.
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Fig. (2) Variation of Ln(6w;) with Ln(®) for as-deposited
CulnGas$; thin films and annealed at different temperatures
for substrate temperature of (a) 20°C, (b) 100°C, and (c) 150°C
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As shown in table (1), the exponent S, which is
the slope of dLn[owi(w)]/d(w) decreases with
increasing substrate temperature (Ts) in the low
temperature range, while s increases at elevated
temperatures, i.e., 150 °C, with increasing of Ts. The
value of s increased with increasing heat treatment
temperature of films deposited at Ts=100 °C. Also, s
showed progress decreasing with oven temperature
for samples deposited at 150 °C.

The AC activation energy, Eac, for CulnGaS;
films are estimated from the drawing of Lncio(®)
against the reciprocal absolute temperature, as
indicated in Fig. (3).

Table (1) Values of s, T and o for CulnGasS; thin films

TCO) 5 T @
30 | 05853 - 0.1120
60 | 06395 - 0.1456
90 | 0.7131 - 0.1008
120 | 07971 | (oo | 0Gres
150 | 08341 | 7o | oooo0
180 | 07911 - gﬁ%

T (°C) g ;r )5(23743(5) o
30 | 05348 - 8?%2
60 | 05444 | 13.281 8:1883
90 | 05089 | 13.281 8:1223
120 | 04638 - 0.2352
150 | 06219 | o6 | oo
180 | 07911 | oo | oTes0

T (°C) g 1:T )8(23243(}8() 0
30 | 0.9567 | os08 813&1)8
60 [ 09201 | (oo | oot
9 | 09039 | 52 | 02800
120 | 0.8634 | 1a0s -

150 | 08451 | ( jaoe 8:?228
180 | 08152 | (oo | 02000
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films deposited at different substrate temperatures for
substrate temperature of (a) 20°C, (b) 100°C, and (c) 150°C

Table (2) illustrates the Eac values at selected
frequencies (200 Hz, 1 kHz, 4 kHz, 10 kHz and 100
kHz). The results show that each sample declared one
Eac. On the other side, there is a direct relation
between Eac and frequency, while there is an inverse
relation between Eac and Ts. The Eac decreases from
0.1132 to 0.0962 eV, while it increases from 0.1132
to 0.1258 eV with increasing frequency from 1 kHz
to 100 kHz as well as increasing substrate
temperature from 20 to 150 °C, respectively. The

increase in frequency results in an increase of
vibrating energy and hence the Eac values will be
decreased. This indicated that conductivity is purely
AC, while the elimination of the localized states and
vacancies explained the increase of Eac with
increasing Ts. The presence of large amount of
trapping states at the grain boundary was proposed
that able to capture free charge carries [31]. These
charged states at grain boundary create potential
barriers, which oppose the passage of carriers from
grain to neighboring ones, where their sites increase
with increasing Ts, which resulted in decreasing
conductivity or increasing Eac values.

Table (2) Values of Eac for CulnGas; thin films

Eac (eV)
Frequency (Hz) Ts(°C)
20 100 150
200 0.1132 0.1210 0.1258
1000 0.1115 0.1126 0.0517
4000 0.1022 0.1089 0.0336
10000 0.0973 0.0449 0.021
100000 0.0962 0.0103 0.0114

The real dielectric constant (g;) of CulnGasS; films
prepared at different Ts, are measured within the
employed frequency range (100Hz — 10MHz) as
shown in Fig. (4). It is clearly from the & pattern
versus Log(w), in Fig. (4) that the & exhibits to
increase with increasing heat treatment temperature,
while it decreases with increasing frequency. This is
ascribed to the fact that the electrode blocking layer
is dominated, thus, the dielectric behavior is affected
by the electrode polarization, while e attained
minimum values at high frequencies, which indicates
that the dielectric signal is not affected by electrode
polarization [8]. On the other hand, it is noticeable
remarked that the values of &, at frequency of 102 Hz,
increase with increasing heat treatment and substrate
temperatures. Indeed, the & increases from 615 to
1064 and from 615 to 802 when heat treatment
temperature increases from 30 to 180 °C and substrate
temperature increases from 30 to 150 °C,
respectively.

4. Conclusions

From the results obtained from this work, it can
be concluded that the single phase with chalcopyrite
structure of CulnGaS, becomes more pronounces at
elevated temperatures. Also, similar variation
sequence declared by a and t values with the
increment of substrate and treatment temperatures.
The increase of o and t refer to reduction of
intermolecular force, while reducing of a and t refers
to the rising of intermolecular force. It is evident from
the polarizability values that CulnGas:; thin films can
be used as resistor in electronic circuits.
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Optical Emission Spectroscopy
of Laser-Produced Plasmas of
Some Metal Targets

In this work, emission lines of laser-produced plasmas from three different metallic
targets (copper, titanium and nickel) were detected by the optical emission
spectroscopy. These plasmas were generated by irradiation of the metallic target with

Department of Physics,
College of Science,
University of Thi Qar,
Nasiriyah, IRAQ

laser pulses of high peak power in room environment. Both electron density and
electron temperature were determined for the three targets at different peak laser
powers using the ratios of line intensities based on the obtained emission spectra.

Electron temperatures were determined in the range 0.34-0.442 eV for copper target
at laser power of 70 MW, 0.281-0.418 eV for titanium target at laser power of 60 MW,
and 0.35-0.46 eV for nickel target at laser power of 70 MW.
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1. Introduction

Pulsed-laser induced plasma of solids is the
subject of investigation in many fields of applied
research such as laser plasma sources to x-ray lasers,
inertial  confinement fusion and laboratory
astrophysics [1-3]. A pulsed laser source is employed
to vaporize and excite the analyte forming plasma [4].
The optical emission from the relaxation of excited
species within the plasma yields information
regarding the composition of the material under test
[5-7]. The plasma and its characteristics (electron
density, electron temperature, spatial and temporal
behavior) depend on the target's thermophysical
properties and laser beam parameters, such as laser
pulse, temporal duration and shape, laser wavelength
and energy [8-12]. Plasma descriptions start by trying
to characterize the properties of the assembly of
atoms, molecules, electrons and ions rather than the
individual ~ species [13]. If thermodynamic
equilibrium exists, the plasma properties such as the
description of the speed of the particles and the
relative populations of energy level can be described
through the concept of the temperature [14-17].

The electron temperature is an equally important
plasma parameter which can be spectroscopically
determined in a variety of ways: from the ratio of
integrated line intensities, from the ratio of line
intensity to underlying continuum and from the shape
of the continuum spectrum [18-21]. The diagnostic
techniques employed for the determination of
electron density includes plasma spectroscopy,
Langmiur probe, microwave and laser interferometry
and Thomson scattering [22-24]. Spectroscopy
technique is the simplest as far as instrumentation is
concerned [25].

Laser-induced breakdown spectroscopy (LIBS) is
a rapid chemical analysis technology that uses a short
laser pulse to create a micro-plasma on the sample
surface [26-28]. This analytical technique offers
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many compelling advantages compared to other
elemental analysis techniques [29]. These include a
sample preparation-free measurement experience,
extremely fast measurement time (usually a few
seconds) for a single spot analysis, broad elemental
coverage, including lighter elements, such as H, Be,
Li, C, N, O, Na, and Mg, versatile sampling protocols
that include fast raster of the sample surface and depth
profiling, and finally thin-sample analysis without the
worry of the substrate interference [30-34]. A typical
detection limit of LIBS for heavy metallic elements is
in the low-ppm range [35]. LIBS is applicable to a
wide range of sample matrices that include metals,
semiconductors,  glasses,  biological tissues,
insulators, plastics, soils, plants, soils, thin-paint
coating, and electronic materials [36].

For LIBS, Echelle spectrographs are typically
used. For analysis of a wide range of samples, a
system based on an Echelle spectrograph offers a
combination of high resolution and wide wavelength
coverage [37]. It is also possible to relay the laser
light to the sample and collect the signal by fiber
optics. The gating requirements of LIBS are not very
demanding [38]. Gate times and delays of several
microseconds are typical. The intensity of the plasma
emission is usually high enough to allow good spectra
to be recorded in single scan mode [39].

In this work, emission lines of laser-produced
plasmas from three different metallic targets (copper,
titanium and nickel) are detected by the optical
emission spectroscopy. These plasmas are generated
by irradiation of the metallic target with Nd:YAG
laser pulses of high peak power in room environment.
Both electron density and electron temperature are
determined for the three targets at different peak laser
powers using the ratios of line intensities based on the
obtained emission spectra.
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2. Experiment

The optical emission spectra of copper, titanium
and nickel plasmas were recorded using the
experimental setup of laser-induced breakdown
spectroscopy (LIBS) shown in Fig. (1). It consists of
pulsed Nd:YAG laser of 1064 nm wavelength, 9 ns
duration, 1Hz pulse repetition frequency and peak
power up to 120 MW. The laser beam was focused on
the surface of the irradiated sample located at the
focal length of a converging lens (f=10cm). An
optical fiber holding photodetector was adjusted at
45° with beam direction at 5 cm distance from the
sample where plasma is generated. The emission
from the tin plasma plume was recorded using Ocean
Optics HR 4000 CG-UV-NIR spectrum analyzer in
the spectral range 320-750 nm.

i O, inket
laser

beam Chamber wall

Focusing

DC motor

Masmao

plume

Spectrophotometer
Pressure
gouge

Substrate
in holder

Fig. (1) The experimental setup for the laser-induced
breakdown spectroscopy used in this work

3. Results and Discussion

The optical emission spectra of laser-produced
plasmas of copper, titanium and nickel in the range
300-800 nm are shown in Fig. (2). The prominent
spectral lines of copper target in room environment
(Fig. 2a) are Cu | (421.2 nm), Cu Il (642.5 nm) and
Cu 11 (713.1 nm) in addition to other lines with low
intensities those will be neglected when determining
both electron density and electron temperature.
Similarly, the prominent spectral lines of titanium
target in room environment (Fig. 2b) are Ti | (414.3
nm), Ti Il (635.6 nm) and Ti 11 (706.2 nm) in addition
to other lines with low intensities those will be
neglected too when determining both electron density
and electron temperature. For nickel target, the
prominent spectral lines in room environment (Fig.
2c) are Ni | (407.4 nm), Ni 1l (628.7 nm) and Ni Il
(699.3 nm) in addition to other lines with low
intensities those will also be neglected when
determining both electron density and electron
temperature. The transitions are identified using the
spectral database of National Institute of Standards
and Technology (NIST) [21].
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Fig. (2) Optical emission spectra of (a) copper, (b) titanium and
(c) nickel plasmas produced by pulsed laser of 55 MW peak
power

The intensities of copper plasma lines at 421.2,
642.5 and 713.1 nm were measured at different laser
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peak powers. Figure (3a) shows the influence of the
laser peak power on the spectral line intensities. In
similar manner, the intensities of titanium plasma
lines at 414.3, 635.6 and 706.2 nm as well as the
intensities of nickel plasma lines at 407.4, 628.7 and
699.3 nm were also measured at different laser peak
powers, as in Fig. (3b) and (3c).

As shown, the emission intensity of the spectral
lines increases with increasing laser peak power from
20 to 120 MW. This is due to the absorption of laser
photon by the plasma and the plasma transparency to
the laser beam. Therefore, the ablation of the metallic
target increases [22]. Such increase produces a
consequent increase in the height and emission of
produced. At higher values of laser peak powers,
plasma shielding effect is observed, i.e., the plasma
becomes opaque to the laser beam which shields the
target so the lines intensities decreases.

A major difference between the variations of line
intensity with laser power for the three metallic
targets can be seen in the full-width half maximum
(FWHM). The emission spectra for copper target are
reasonably narrower than those of titanium target.
The FWHM for Cu Il line is 48 nm while the FWHM
for Ti Il is 600 nm. For nickel target, the spectra are
apparently wide enough to consider the determination
of the FWHM. The highest intensities of the Ti Ill
(706.2 nm) and Ni Il (699.3 nm) are noticeably
comparable but lower than that of Cu Il (713.1 nm).

One of the important parameters for using optical
spectroscopy for isotopic analysis is linewidth to line
separation. Optical transitions, both atomic and
molecular, are not immune to environmental factors
and hence never provide precisely sharp line
structures. While LA is a powerful technique for
generating ions, atoms, and molecules from a solid
material, the species are generated in a high-
temperature and high-electron density environment.
These conditions lead to significant spectral line
broadening, which may reduce the ability to resolve
small isotope splittings.
mechanisms that influence spectral linewidths in a
laser-produced plasma are Doppler, pressure, and
Stark effects. An in-depth knowledge of these line
broadening mechanisms in a laser-produced plasma
system is ultimately important to employ optical
spectroscopy for isotopic analysis.

On the other hand, the intensities of nickel target
lines at higher laser powers (>80 MW) are higher than
those of copper and titanium at the same values of
laser powers. These differences are related to the
physical and chemical properties of these metals as
the surface and environmental
sufficiently kept the same.
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Fig. (3) Variation of emission intensity with laser peak power
for the three metallic targets used in this work (a) copper, (b)
titanium and (c) nickel
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Under the assumption that the plasma in local
thermodynamic equilibrium (LTE), the lower limit of
the electron density is given by [23]:

1
n, = 1.6 x 1012 (AE)3 (T,)z 1)
where ne is the electron density, Te is the electron
temperature and AE is the energy difference between
the states. The values of n. are obtained from Saha-
Boltzmann equation as [14]:
Eion"'E{I_E%n

W (2)

L 2emme kpTe) /2 ThnAjjell -
€ h3 I%]!Amng}*n
where m. is the electron mass, kg is Boltzmann
constant, h is Planck's constant and Ej.n is the
ionization potential of the neutral species in its
ground state, [ji is the intensity of the spectral line of
the transition from level j to i, 4 is the wavelength,
Aji is the transition probability, g; is the statistical

weight, Ej is the energy value of higher level

Figure (4) shows the electron density of laser-
induced plasmas of copper, titanium and nickel at
different laser peak powers. It can be observed that
for all the metallic targets, the electron density grows
as the laser peak power is increased. The reason is that
when a solid sample is irradiated by Nd:YAG laser
pulses, a collision-induced process occurs and hence
free electrons in the focal volume are accelerated by
the electric field of the laser beam and gained energy
by colliding with neutral atoms. When the electrons
have gained amount of energy, they can ionize atoms
by collision and this causes the electron density to
grow with the laser peak power. The electron density
dramatically decreases at high laser peak powers, this
is due the plasma shielding as discussed previously.
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Fig. (4) Variation of electron density of laser-induced plasmas
generated in this work with laser peak power

The electron temperature (Te) can be calculated
using the ratio of two lines of the same species of the
ionization stage as [23]:

AE
T = ke ln(lezgl A1) (3)

A1l182A2

where I, &, g, A, and E are the total intensity,
wavelength, statistical weight, absorption oscillator
strength and excitation energy of one of the lines,
respectively. Primed quantities are those for the
second line. These values for the two lines considered
are taken from tables of the National Institute of
Standards and Technology (NIST) [14]

The electron temperatures for the three metallic
targets were calculated using Eqg. (3) from the ratios
of the intensities of emission lines. Figure (5) shows
that the electron temperature (Te) increases with
increasing laser peak power. The electron
temperature is strongly dependent on the laser peak
power as the latter is the source of evaporation,
atomization and ionization of the target when focused
on.
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Fig. (5) Variation of electron temperature of laser-induced
plasmas generated in this work with laser peak power

4. Conclusion

Three different metallic targets (copper, titanium
and nickel) were irradiated by Q-switched Nd:YAG
laser pulses to produce transient and elongated
plasmas. Measurements of electron density and
temperature were carried out by optical emission
spectroscopy technique. Line intensity ratios of the
successive ionization stages of the metal target were
used for the determination of electron temperature
and Stark broadened profile of first ionized tin species
was used for the electron density measurements. The
dependencies of electron density and electron
temperature on different experimental parameters
like distance from the target surface were studied. The
electron temperatures in the range of 0.34-0.442 eV,
0.281-0.418 eV and 0.35-0.46 eV were obtained for
the copper, titanium and nickel plasmas, respectively,
while electron densities down to 4x1017 cm™ and up
to 23.76x1017 cm were observed.
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In this work, the characteristics of the CdSe-Si structure produced by plasma-induced
bonding technique were studied. The produced structure was an asymmetric
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heterojunction consisting of n-type CdSe on a p-type silicon substrate. The Si substrate
and CdSe sample were bonded by subjecting them to the plasma formed between two
electrodes. The measurements included the structural and electrical characteristics. The
built-in potential of the produced heterojunction is about 0.9 eV with typical spectral
responsivity within the range 300-900 nm. With dark current of 1 zA, maximum forward
current of 136 ¢A and ideality factor lower than unity, the results explained better

characteristics than those of the same heterojunction produced by thermal evaporation

technique.

Keywords: Heterojunction; Plasma-induced bonding; Electronic transport; Semiconductors
Received: 18 January 2022; Revised: 24 February 2022; Accepted: 3 March 2022

1. Introduction

Direct bonding means the joining of two smooth
and clean surfaces at room temperature. No constraint
on lattice matching exists and after joining the two
surfaces, the bonded pairs are annealed at a high
temperature to ensure the formation of strong
bonding. With proper procedure the bonded interface
can achieve bulk strength.

Although the main driving force for development
of bonding has been production of silicon-on-
insulator (SOI), several other high potential
applications of bonding have emerged in
microelectromechanical systems (MEMS) and as a
way of integrating dissimilar crystalline materials. To
reach a sufficient level of maturity, bonding
procedures need to be optimized and standardized
according to the application. Also, bonding requires a
high-temperature annealing step after the room
temperature joining, to ensure the formation of a
strong and uniform bonding. This high temperature
annealing is sometimes incompatible with many
applications and it may cause material degradation,
especially when bonding thermally mismatched
materials. Back to the pioneering days, low
temperature bonding procedures have been highly
desirable.

If two solids with clean and flat surfaces are
brought into close proximity at room temperature,
attractive forces pulls the two bodies together into
intimate contact so that bonds can form across the
interface. The phenomenon was given rather little
attention until in the last decades when
semiconductors bonding found several applications
in  mirco-mechanics,  microelectronics  and
optoelectronics.
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There are many factors governing the bonding
behavior of two surfaces. First, the surfaces must be
flat and smooth. Usually it is argued that surfaces can
make contact only at some asperities. However, the
success of bonding technique has followed the
development of modern semiconductor chemical-
mechanical polishing (CMP) technology. The
semiconductor polishing technology has reached
such a level of maturity that, nowadays, commercial
silicon wafers have surface roughness in the order of
10%m. The second parameter governing the ability
for bonding is the surface chemical state and surface
termination. For most semiconductors, surface
preparation and cleaning techniques are well-
developed and characterized. However, in silicon
technology the surface chemical treatments are more
standardized and established processes, as compared
to, for example, compound semiconductors.

The basic procedure in semiconductor bonding
technique starts with mirror-polished surfaces that
are cleaned, plasma-activated and given their final
surface termination using a combination of chemical
treatments. The wafers are then brought together at
room temperature and if proper surface conditions
apply, the solids will bond spontaneous. After room
temperature bonding, a heat treatment at elevated
temperature is performed to strengthen the interface
bonding. Typical bonding technique procedures are
fully compatible with microelectronic process
technologies, offering several advantages both in
available processing equipment and possible
applications.

One of the great potentials of the bonding
approach is the integration of dissimilar materials.
Integration of dissimilar semiconductor by hetero-
epitaxial growth is hampered by the difference in
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lattice constants. Particularly, combining Il1-V
compounds semiconductors with highly developed
silicon circuits has been pursued in recent years with
the goal to incorporate photonic and high-speed
devices with advanced silicon technology [1-2].

A problem that sometimes occurs in the bonding
technique is the presence of interface bubbles or
voids. Macroscopic voids appear at the bonded
interface due to trapped particles or dust
contamination, surface protrusion and trapped gas. To
avoid contamination of particles and dust on the
surface before bonding, the bonding technique is
preferably performed in a clean-room environment,
or in a micro clean-room set-up [3]. Particles inhibit
interaction between the opposing surfaces, and as a
consequence a 1um dust particle trapped at the
interface commonly results in an unbounded area
(void) of 1cm in diameter. lonic contamination
represents another category of contaminants. These
contaminants mainly affect the electrical properties
of the bonded interface. Especially boron from the
clean-room environment has been proposed as a
coarse contamination in the bonding technique.
Boron contamination of the surfaces before bonding
results in a p-doped layer near the bonded interface
after annealing [4].

When the solids have been bonded together at
room temperature usually the interaction, or bonding
energy, is relatively weak. Therefore, a heat
treatment is performed to increase the bond-strength.
The annealing enhances out-diffusion of interface
trapped molecules and desorption of chemisorbed
surface atoms, such as hydrogen. At the same time
the annealing activates formation of covalent bonds
between the bonded surfaces, like solid-to-solid
bonding in the case of hydrophobic bonding. The
thermal treatment used to increase the bond-strength
can, unfortunately, also cause severe problems in
bonding technique. For instance, when bonding
dissimilar materials, the thermal mismatch induced
high stresses in the material. High temperature
annealing also restricts the use of metal patterns and
can cause diffusion of dopants.

Generally, the bonding requires a high-
temperature annealing step to ensure the formation
of strong bonding between solids, i.e. to form
covalent bonds. In silicon-to-silicon bonding usually
an annealing above 1000°C is required, and in
bonding involving compound semiconductors, the
annealing is usually performed above 600°C. Such a
high-temperature annealing is incompatible with
many applications. Particularly, pre-structured
wafers that already contain temperature-sensitive
structures cannot be exposed to the high-temperature
annealing. The high-temperature annealing also
induces material degradation. It can cause
broadening of diffusion layers. When bonding
dissimilar materials, annealing at high temperatures
would induce large thermal stress due to the
difference in thermal expansion coefficients [5-10].

Chemically reactive plasma discharges are
widely used to modify the surface properties. The
relative importance of a specific discharge depends
on input power, gases, reactor volume and geometry,
gas flows, etc. For instance, plasma discharges are
employed for etching, deposition or surface cleaning.
The gas-chemistry and the plasma parameters
(effect, applied voltage, pressure, plasma density,
etc.) that are being used govern the plasma/surface
interactions. A variety of gases are such as Ar, O,
SFs, Cl; and CHF3 are used for this purpose.

The plasma affects a surface mainly in two ways:
physically and chemically. Physical plasma/surface
interaction is due to bombardment of energetic ions.
The bombarding ions cause sputtering, mixing and
defect formation. Chemical interaction is driven by
chemically active species in the plasma. Plasma is a
partially ionized gas with equal number of positive
and negative charges. At steady state, the free
electrons acquire sufficient energy from the applied
electric field to produce impact ionization of the gas,
at a rate equal to the loss rate. Since the electrons are
more mobile due to their lower masses, they diffuse
faster to the surrounding surfaces, including
substrate surface and chamber wall. This builds up a
negative potential at the surrounding surfaces, while
the plasma is ‘depleted’ from negative charges.
Therefore, the plasma potential is always positive.
As a result, the electric field between the positively
charged plasma and the negatively charged
surroundings, induce an ion current, which is equal
to the electron diffusion current at equilibrium. A
body immersed into plasma hence acquires a
negative floating potential. The ions in the plasma
are accelerated through the plasma sheath and
bombard the surrounding surfaces. However, by
applying an external field, the energy of the ions
bombarding the substrate can be adjusted. Many
capacitive discharges are asymmetric, because the
RF-driven electrode area is smaller than the
grounded area, which is usually the chamber wall.
This causes the driven electrode to acquire a self-bias
DC offset voltage.

The freedom to integrate diverse materials is one
of the advantageous features of the bonding
technique. In design, no consideration has to be taken
to use lattice-matched materials. Several high-
potential applications are reported using dissimilar
materials integration by bonding. As mentioned
above, a commercial success was achieved with
wafer bonded LED. A low-dark-current 20GHz
photodetector using an InGaAs absorption layer and
a Si avalanche multiplication layer have been
demonstrated [11]. Others have solved the problem
of poor quality mirrors in VCSEL’s by wafer fusing
high-reflecting mirrors to the active region [12].
Fabrication of semiconductor lasers directly on Si
substrates have also been achieved using wafer
bonding [13].
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In this work, a CdSe/Si heterojunctions were
fabricated by plasma-induced bonding technique and
their electrical and spectroscopic characteristics were
determined and analyzed.

2. Experimental Work

A (100)-oriented p-type silicon wafer of 500 um
thickness and 3 Q.cm resistivity was used in this
work. Also, high purity (0.9999) cadmium selenide
(CdSe) was used to form 250 um-thick samples. Both
samples, Si and CdSe, were washed with distilled
water then rinsed in ethanol and subjected to
ultrasonic waves for 10 minutes, then dried by hot air.
The silicon samples were then cleaned with HF for 5
minutes to remove any residual oxides which have
existed on their surfaces. Both samples were softly
grinded and polished to obtain flat surfaces. Then,
these samples were rinsed in ethanol to remove acids
then dried to be ready for processing.

The Si and CdSe samples were mounted inside a
homemade plasma chamber that was initially
evacuated down to 10-3 mtorr using a double-stage
rotary pump then to 10 mtorr using a diffusion
pump. The silicon substrate was mounted on a holder
made of stainless steel at a specified distance from the
anode and the CdSe sample was placed on the Si
substrate. The samples were placed at a position that
the plasma is entirely surrounding the sample.
Discharge voltage and current are 15 kVpc and 3 A,
respectively. Argon gas at a pressure of (1 mtorr) was
used to generate the discharge plasma. The sample
was maintained inside the operated system for 10
minutes before being removed and tested.

Before bonding, the native oxide is removed from
the surfaces to have a solid-to-solid bonding [14-15].
However, the bonding is very weak at room
temperature and after low-temperature annealing
because of the hydrogen-terminated surface. A high-
temperature annealing above 500 °C is necessary to
desorb hydrogen from surface and enable a covalent
bonding.

The difference in thermal expansion between
CdSe and Si will induce high mechanical stress in the
material when annealing the bonded samples at high-
temperatures. The thermal stress degrades the
material by generating defects. It can also cause
cracks and completely debond. The main
degradation occurs in CdSe since Si is a
mechanically stronger material.

Electrical measurements were carried out using a
Farnel DC power supply and Keithley-616 digital
electrometer while the C-V measurements were
performed using hp/4192 ALF LCZ device. The
samples were subjected heating up to 600 °C within
5 minutes then left to return to its initial temperature
within the same period of time. Topography of the
treated samples was performed using Leitz-Metallux
optical microscope at different magnifications (50x,
100x, 150x).
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In this work, eight CdSe/Si samples were prepared
to introduce the repeatability of this technique. Along
eight days, a sample was daily prepared and
processed at the same conditions. As will be shown
later, the presented results are the average of the best
five samples those seemed identical to each other.
Therefore, this technique has very good repeatability
as the preparation and processing conditions are kept
stable as possible. The experimental preparation and
processing conditions mentioned above can be
considered as the optimum to obtain the best results
in this work. These results were compared to the data
available in the literature as well as the results
obtained by several local works.

3. Results and Discussion

If two identical solids with the same orientation
are bonded together without misalignment and
without interface contamination, they should merge
into one. However, there are always deviations from
the ideal case. In the bonding technique, there is
always an unavoidable misalignment between the
bonded solids and therefore misfit dislocations
appear. Misfit dislocations will also appear at the
bonded interface if two solids of different orientation
or different lattices are bonded. The presence of
native oxides, adsorbed surface contaminants and
interface bubbles (voids), also inhibit a perfect solid-
to-solid transition region. Figure (1) explains the
structure of the bonded samples where the misfit in
the CdSe-Si interface is shown.

Fig. (1) The SEM image of the CdSe-Si interface

Defect-etching techniques were found to be more
suited for investigations of bulk material defect
introduced by the bonding technique, arising mainly
from thermal mismatch stress. Defect-etching uses
etch selectivity to reveal crystal imperfection such as
dislocation. The dislocation appears as pits on CdSe
surface and their origin is traced from the shape of
the pits, as shown in Fig. (1). For Si and other
semiconductors, defect-etching techniques are well
developed and frequently used.

A generalized theory for bonding technique may
be difficult to achieve since the electrical properties
of the bonded interface depends on many parameters.
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The electrical properties vary between different
reports and it is likely that such deviations are linked
to variations in bonding procedures. Care has to be
taken in properly removing contaminants, metallic
and organic, from the surfaces before bonding. The
disordered interface being composed of misfit
dislocation acts as gettering and segregation site in
the same way as grain boundaries in polycrystalline
semiconductors. Misalignment between the solids
has been reported to increase junction resistance due
to electrical charging of misfit dislocation. When
bonding compound semiconductors,
crystallographic aligning of the bonded wafers to an
angle below 4° reduced the junction resistance,
irrespectively of the lattice mismatch between the
wafers [16].

Wafer bonded p-n heterojunction characteristics
are heavily affected by the non-ideal interface.
However, a substantial improvement of wafer
bonded p-n heterojunctions characteristics is usually
obtained by shifting the p-n transition away from the
bonded interface, either by high temperature
annealing [17-18] or by implantation [19-20].
Alternatively, the p-n heterojunction formed under
UHYV conditions and low temperatures results in an
ideality factor no more than 1.18 and indicates low
recombination at the interface. Bonding p-n
heterojunction in ambient air and subsequent high
temperature annealing was seen to yield high
recombination near the bonded interface. An ideality
factor lower than 1 was obtained and low minority
carrier lifetime [21]. Figure (2) shows the I-V
characteristics  of  bonded p-n  Si-CdSe
heterojunction. As shown, the dark current is about
1 pA and the forward current is uniformly linear. The
illumination current in the reverse biasing reaches a
maximum of about 136 pA. The bonded interface is
often avoided in the electrically active region of the
electronic device. However, the recombination
centers of the defective bonded interface are used to
control the minority carrier lifetime in power
devices. These characteristics are typically enhanced
compared to results obtained by another techniques
such as thermal evaporation, sputtering and chemical
bath deposition [22-24].

In order to introduce the nature of the anisotype
CdSe-Si heterojunction, the C-V measurements were
performed in the reverse biasing and results are
presented in Fig. (3). The built-in potential was
determined for the CdSe-Si heterojunction to be about
09 V.

The spectral responsivity of the CdSe-Si
heterojunction was determined as a function of
wavelength as shown in Fig. (4). This heterojunction
responds in the 400-750 nm range much more than in
the range below 400 nm. The maximum spectral
responsivity of 0.62 A/W was recorded at 540 nm.
This cheap technique presents an advantage to
produce good photodetectors for the wavelengths
longer than 400 nm.
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Fig. (2) The 1-V characteristics of the CdSe-Si heterojunction
fabricated in this work
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Fig. (3) The C-V characteristics of the CdSe-Si heterojunction
fabricated in this work under reverse bias potential

Integration of CdSe and Si has attracted much
interest since the unique properties in each material
can be combined in devices or systems, such as
CdSe-based piezoelectric devices and
optoelectronics components.

The epitaxial growth of CdSe on Si substrate is
hampered by the difference between the Iattice
constants of the materials. However, using bonding
for the integration, the lattice-mismatch becomes no
obstacle. Unfortunately, there is a large difference in
thermal expansion between CdSe and Si. When
bonding solids of dissimilar materials and annealing
at elevated temperatures, the thermal mismatch will
induce high thermal stress in the material.
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Fig. (4) The spectral responsivity of the CdSe-Si heterojunction
fabricated in this work

In each material system, nature has imposed a set
of physical properties, such as mobility, optical
absorption, electrical resistivity, thermal and
mechanical properties. For a given application, the
optimal properties may not reside in a single material
but in a variety of dissimilar materials. A specific
case is to combine compound semiconductor that
have direct band gap and high mobility with Si that
is extensively used in microelectronic applications.

For lattice-matched materials systems, the
material integration is extensively and routinely
realized using hetero-epitaxy. However, for material
systems that are largely lattice-mismatched, hetero-
epitaxial growth has not been able to produce the
high quality material needed in optoelectronics [25-
27]. Hetero-epitaxial growth of CdSe on Si has been
a subject of interest and although improvement is
continuing, the densities of threading dislocations in
CdSe seem to have saturated at more than ten
thousand times higher than the value for lattice-
matched epitaxy on CdSe. The dislocation density at
the interface of hetero-epitaxial grown CdSe/Si
junction is found to be around 10'°%m=2. The
dislocation density and material quality have been
improved by indirect growth of CdSe on Si using
SiO; intermediate buffer layers or various epitaxial
layer overgrowth (ELO) and conventional growth
techniques. The principal feature in ELO is that
growth proceeds laterally over a cap-layer, which
inhibits transmission of threading dislocation [28].

4. Conclusions

A CdSe-Si heterojunction was produced by
plasma-induced bonding techniques. The structural
characteristics explained the good bonding interface
between the CdSe and Si samples. Electrical
measurements showed reasonable enhancement in
the heterojunction characteristics compared to that
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produced by another techniques. Despite the
complexity imposed by the plasma processing
system, production of heterojunctions with such
enhanced characteristics has advantages of low cost
and large size devices.
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1. Introduction

The artificial olfaction system is a very promising
tool to monitor the off-odors in the field. Usual odor
measurement techniques use human olfaction or
conventional analytical techniques [1,2]. The first
category represents the real odor perception but is not
applicable to measure continuously bad odors in the
field. The second class of techniques provides the
mixture composition, but not the global information
representative of the odor perception. The e-nose has
the potentiality to combine “the odor perception” and
the “field monitoring”. The instrument, based on non-
specific gas chemical sensor_arrays combined with a
chemo-metric processing tool provides a suitable
technique for in site monitoring of off-odors. The
research group in Arlon has more than a decade of
experience in the field measurement of environmental
odors. Published studies report attractive results [3,4].
This technique has probably the best potentialities to
answer to the expectations of the various actors of the
environmental problems in relation with the odors
annoyance [5]. However, a number of limitations are
associated with the properties of chemical sensors
[6,7], the signal processing performances and the real
operating conditions of the environmental field [8].
The field experience of the research group has shown
that the metal oxide based gas sensors are the best
chemical sensors for long term application, more than
one year of continuous work. However, as a result of
harsh environmental conditions, hardware limitations
and olfactory pollution specificities, real-time odor
monitoring with the electronic nose is always a real
challenge. The instrument has to cope with several
specific drawbacks. In particular, it has to
automatically compensate the time drift [9] and the
influence of ambient parameters such as temperature
or humidity [10]. This paper is focused on the time
drift and the long term stability of the metal oxide gas
sensors. Sensor drift is a first serious impairment of
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gas sensors. The sensors alter over time and therefore
have poor repeatability, since they produce different
responses for the same odor. That is particularly
troublesome for electronic noses. The sensor signals
can drift during the learning phase [11]. Another
frequent problem encountered in the field and
particularly in highly polluted atmosphere is the
sensor failure or an irreversible sensor poisoning.
Clearly, life expectancy of sensors is reduced in real-
life operation when compared with clean lab
operations. Sensor replacement is generally required
to address such issue, but, after replacement, odors
should still be recognized without having to
recalibrate the whole system [12]. But commercial
sensors are rarely reproducible. In order to appraise
the time evolution of the sensors and the effect on the
results of an electronic nose, experiments were
performed during several years on two identical
sensor arrays. The signals of two "identical™ sensors
array, placed in the same measurement chamber, were
observed during several years. After a state of the art
of the sensors drift correction techniques [13-20], the
most relevant methods for the field has been tested
and the results compared in order to select the best
one for our application.

Metal oxide semiconductors have attracted
significant attention in gas sensing applications due
to their simple implementation, low cost, and good
reliability for real-time control systems with respect
to other gas sensors [21-28]. The gas sensing
properties of metal oxide semiconductors are
influenced by many factors such as their operating
temperatures, morphology and chemical composition
of the films [29]. In such gas sensors, the change in
the electrical conductivity is due to the interaction of
the targeted gas molecules (chemisorption or
physisorption) with the surface of the metal oxide
grains. Consequently, metal oxide sensors show
changes in the resistance under exposure to oxidizing
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or reducing gases. [24,30]. Since the majority of these
sensitive layers are n-type, p-type semiconductors
sensitive to gases are highly demanded for gas
sensing applications such as sensor arrays for
electronic nose [31].

These p-type semiconductor gas sensors have
much different sensing pattern from their n-type
counterparts [32]. In addition, it is also reported that
p-type semiconductors are more appropriate for
detecting oxidizing gases such as nitrogen dioxide
[33]. At elevated temperatures, the presence of
chemically adsorbed molecules such as nitrogen
dioxide can cause electron depletion at the surface of
the metal oxide grains; and consequently, the
electrical resistivity of the thin films increases [22].
The competition between chemisorptions of nitrogen
dioxide and atmospheric oxygen, at the same active
surface sites of the metal oxide layer, plays an
important role in determining the specific nitrogen
dioxide/metal oxide interaction [34].

The diffusion of copper into Sn,O3 can cause the
formation of complex centers (Cusn, Cuj). It is
possible that copper atoms can replace either
substitutional or interstitial Sn atoms in the Sn,Os
lattice creating structural deformations [35,36].
Copper oxide significantly affects the electrical,
chemical, structural and optical properties of Sn;Os,
and the study of the electronic state of Cu in Sn,O3
was the subject of interest for a long time [37-39].

2. Experiment

Tin oxide powder with different doping
concentrations for Cu,0 at (2-10) at.% Cu,O pressing
it under 5 tons to form a target with 2.5 cm in diameter
and 0.2 cm in thickness. It should be as dense and
homogenous as possible to ensure good quality
Cu20:Sn,0s3 thin films deposited at different doping
ratios (2, 4, 6, 8 and 10 at.%) by PLD technique,
whose experiments are carried out inside a vacuum
chamber that initially evacuated down to 107 torr.
The focused Q-switched Nd:YAG laser beam is
incident at angle of 45° on the target surface. The
substrate is placed in front of the target with its
surface parallel to that of the target. The film
thickness was determined by a Spectroscopic
Reflectometer SR300 and found to be 120 nm with a
tolerance of £7 nm.

Layers of porous silicon (PS) were prepared by
electrochemical etching where the silicon wafer
serves as the anode, as shown in Fig. (1), while the
cathode is made of platinum. Both are immersed in
HF/H,0./H,O mixture of 1:1:1 mixing ratio as an
electrolyte. A p-type silicon wafer was used as a
starting substrate in the photochemical etching. The
samples were cut from the wafer and rinsed with
acetone and methanol to remove dirt, as well as to
remove the native oxide layer on the samples. The
electrochemical etching process was carried out at
constant current 40 mA and different times (10, 25
and 60 min).

HEFHIOLUH O

Fig. (1) Experimental setup to prepare porous silicon

3. Results and Discussion

Figure (2) shows the sensitivity for nitrogen
dioxide gas with 10 ppm concentration, as a function
of operation temperature in the range of 27-350 °C for
Cu20:Sn,05 (0.98-0.02) wt.% which are deposited on
porous (111) Si wafers at different etching times. It
can be seen from Fig. (2) that the sensitivity of all
films increases with increasing operating temperature
to reach a maximum value corresponding to an
optimum operating temperature of 150 °C for all
samples. Beyond this temperature, the sensitivity to
nitrogen dioxide gas of all samples decreases at about
350 °C. The high temperature operation of the sensor
makes the lifetime of the sensor shorter and increase
its resistance, thus more electrical power is required
for operation. It is believed that the oxygen could be
removed or lost from the bulk of the metal oxide
materials at high temperatures. This suggests that the
response of the sensor may decrease at higher
temperatures since there will be more oxygen
vacancies, which lead to less occurrence of the
reaction between nitrogen dioxide and oxygen.
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Fig. (2) Variation of sensitivity with operating temperature for
different etching times on porous silicon

Decreasing etching time leads to increase the
sensitivity of sensors to nitrogen dioxide gas and
improve the sensor response at 200 °C. The sensing
process depends on the surface roughness which
increases detection sensitivity. The films prepared at
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porous times of 10 min have higher values of
sensitivity because the surface roughness is high.

Figure (3) shows the variation of response time
with porous time at different operation temperatures.
This figure reveals that the response time decreases
with increasing porous current at operation
temperatures lower than 200 °C, while the response
time increases with increasing porous time from 10 to
60 min at higher operation temperature (>200°C).
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Fig. (3) Comparisons of response time variation with etching
time at different operating temperatures with room
temperature condition

The reduction in the grain size due to increasing

porous time allows the space charge to cover large
volume of the grain and the large number of grain
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boundaries provides large area for adsorption of O
and O, Hence, large variations in the barrier and
resistance can enhance the reactivity at lower
temperatures. Also, the density of surface states
increases with the reduction in the particle size, or it
can help in lowering the operation temperature.

15
—— T=50C
— T=250C
—— T=350C
10 A

Response time (s)

?

0 20 40 60 80
Etching time (min)
Fig. (4) Effect of operating temperature on variation of
response time with etching time

4. Conclusions

In concluding remarks, polycrystalline Cu,O-
doped Sn,O3 structures were successfully prepared by
PLD technique. We have studied the operation
temperature of gas sensors fabricated from the
prepared samples at different etching times (5-60
min) and different environment temperatures (50-
350°C) and found that the maximum sensitivity was
about 79% for porous silicon prepared after etching
time of 10 min.
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Structural, Morphological and
Photoluminescence
Characteristics of Cu.S-Doped
Nanostructured ZnS Thin Films
Deposited on Porous Silicon

In this work, nanostructured zinc sulfide (ZnS) thin films with different contents (2-10
at.%) of copper disulfide (Cuz2S) were prepared by pulsed-laser deposition (PLD)
method. The thin film samples with 2, 4 and 6 at.% of Cu2S showed that the ZnS thin
films have wurtzite structure. The peak belonging to the CuzS was observed on the x-
ray diffraction patterns of the samples containing 8 and 10 at.% of CuzS. Furthermore,
the x-ray diffraction patterns of porous silicon showed a broadening in the FHWM with
increasing etching time. A reduction in the average diameter of the particles with
increasing etching time was observed according to the results of atomic force
microscopy performed on the prepared samples. The photoluminescence spectra of the
porous silicon samples showed that the etching time has a significant effect on the
position of UV emission and a blue shift was observed as the etching time was increased

from 10 to 50 min.
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1. Introduction

Metal sulfide semiconductors such as ZnS, PbS,
CdS and Cu,S [1-5] have attracted significant
attention in many various applications due to their
simple implementation, low cost, and good reliability
for real-time control systems with respect to other
similar materials [6]. The employment of metal
sulfide semiconductors and their devices is dependent
on many factors such as their operating temperatures,
morphology and chemical composition [7].

Research into the exploitation of the peculiar
optical properties of zinc sulfide started several years
ago. Zinc sulfide is one of the most important 11-VI
compound semiconductors: it has a large (3.6 eV)
direct band gap, a sizable exciton binding energy of
39meV at room temperature [8], and it may in
principle support both n- and p-doping. Moreover,
ZnS is a low-cost, environmentally benign
compound, with convenient mechanical properties,
such as good fracture strength and hardness. ZnS
exhibits polymorphism since two main crystalline
forms can be observed, namely the most stable (below
1290 K) zincblende (ZB) and the high-temperature
and synthetically feasible [9] allotrope with wurtzite
(WZ) symmetry. ZnS can be transparent in an
extremely wide energy range, with a very large
transmittance from visible wavelengths to just over
12 micrometers. Indeed, among the many proposed
ZnS-based device applications, one can find solar
cells, liquid crystal (flat panel) displays, light-
emitting diodes and sensors [10-12] transmission
windows for visible and infrared optics, due to its
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optimal  performances as optical material.
Furthermore, various ZnS-based nanostructures have
been successfully synthesized, including nanowires
[8,10], nanoribbons [11] and nanotubes [12], that
may be easily integrated in nanoscale devices.
Among these, particular attention has been payed to
nanostructures and multilayers composed of ZnS and
its companion ZnO [13], that find relevant
applications in piezotronics [14], photovoltaics [15-
17] and photodetectors [19]. The combination of ZnS
with other materials, such as ZnO, is also strategic in
view of novel imaging and sensing applications, e.g.
in the field of plasmonics - the main effects being the
huge field enhancement and strong localization at the
interface - or in the design of hyperbolic metaterials
[19], where one exploits the indefinite (hyperbolic)
dispersion of the refracted electromagnetic wave.

Copper sulfides have attracted great interest due
to their different stoichiometry, complex structure,
and unique physical and chemical properties as earth-
abundant materials [20-22]. Copper sulfides have
several stable solid phases with the stoichiometric
compositions varying in a wide range from copper-
rich CuzS to copper-deficient CuS.

In optoelectronic devices based on metal sulfide
semiconductors, the change in the electrical
conductivity is attributed to the interaction between
the incident photons and the layers within the optical
depth on the surface or within the bulk of the metal
sulfide semiconductors. Similarly, in gas sensors, for
example, the change in the electrical conductivity is
due to the interaction of the targeted gas molecules
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(chemisorption or physisorption) with the surface of
the metal sulfide grains. Consequently, metal sulfide
sensors show changes in the resistance under
exposure to oxidizing or reducing gases [23]. Since
the majority of these sensitive layers are n-type, p-
type semiconductors sensitive to gases are highly
demanded for gas sensing applications such as sensor
arrays for electronic nose [24].

These p-type semiconductor devices have much
different operating patterns from their n-type
counterparts [25]. In addition, the p-type
semiconductors are more appropriate for devices and
applications based on the photoresponse,
photoconversion, oxidation and reduction processes
[26]. At elevated temperatures, the incidence of
moderate-energetic photons or the presence of
chemically-adsorbed molecules can cause electron
depletion at the surface of the metal sulfide grains;
and consequently, the electrical resistivity of the thin
films increases [2]. The response to the changes in
surrounding environment plays an important role in
determining the specific interaction on the surface of
metal sulfide thin films [27].

The diffusion of copper into ZnS can cause the
formation of complex centers (Cuzn, Cu;) or replace
either substitutionally or interstitially Zn atoms in the
ZnS lattice creating structural deformations [28,29].
Copper sulfide significantly affects the electrical,
chemical, structural and optical properties of ZnS,
and the study of the electronic state of Cu in ZnS has
been the subject of interest for a long time [30,31].

2. Experiment

Zinc sulfide powder with different doping
concentrations for Cu,S (2-10 at.%) was pressed
under 5 tons to form a target of 2.5 cm in diameter
and 0.2 cm in thickness. It should be as dense and
homogenous as possible to ensure good quality. The
Cu2S:ZnS thin films with different doping ratios (2,
4, 6, 8 and 10 at.%) were deposited by pulsed-laser
deposition (PLD) method inside a 107 torr evacuated
chamber. The focused Q-switched Nd:YAG laser
beam is incident at angle of 45° on the target surface.
The substrate is placed in front of the target with its
surface parallel to that of the target. The film
thickness was determined by Spectroscopic
Reflectometer SR300 instrument and varied within
100+5nm.

Porous silicon samples were prepared by
electrochemical etching where the silicon wafer
serves as the anode. The cathode is made of platinum
or any HF-resistant and conducting material. A p-type
silicon wafer was used as a starting substrate in the
photochemical etching. The samples were cut from
the wafer and rinsed with acetone and methanol to
remove dirt, as well as to remove the native oxide
layer on the samples. The electrochemical etching,
were carried out in a mixing of HF with ethanol (1:1)
with constant current 40 mA and different times (10
and 50 min).

In order to study the structural properties, the
crystal structure was analyzed with a Shimadzu 6000
X-ray diffractometer system within the range 20-60°.
The morphology of the prepared surfaces was
introduced by an atomic force microscope (Angstrom
AA3000 Scanning Probe Microscope SPM, tip
NSC35/AIBS).

3. Results and Discussion

Figure (1) shows the XRD patterns of Cu,S-doped
ZnS films deposited on Si(111) substrates at different
doping ratios (2, 4, 6, 8 and 10 at.%). It can be
observed from these patterns that the peaks (31.9403,
34.5121, 36.3949, 47.6923 and 57.0149) refer to
(100), (002), (101), (012) and (110) directions,
respectively. These patterns coincide with those of
the hexagonal structure of ZnS. It can be observed
that the peak of Si located at 28.35° is related to (111)
crystal plane. The preferred peak of ZnS films doped
by 2-10 wt.% Cu.S ratio appear at 36.39 for (101)
plane while the preferred peak of Cu,S is located at
38.40 for (111) crystal plane. It can be noted that the
grain size and dna decrease with increasing doping
ratio of Cu,S and the maximum value is observed at
doping ratio of 10%.
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Fig. (1) X-ray diffraction patterns of Cu,S-doped ZnS films
deposited at different doping ratios (2, 4, 6, 8 and 10 wt.%0)

Figure (2) shows the XRD patterns of porous p-
type Si (111) at different etching times. These
patterns show the difference between silicon wafer
and porous silicon, where the strong peak of pure Si
appears at 28.35 along the (111) direction confirming
the monocrystalline structure of the Si layer
belonging to the (111) plane of Si cubic structure.
Increasing etching time results in broadening of the
peak with varying full-width at half maximum
(FWHM), as shown in Fig. (2). The thickness of the
porous structure is decreasing with increasing etching
time and the reduction in the crystallite size can be
inferred through the increase in broadening of the
XRD spectra.
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Fig. (2) X-ray diffraction patterns of porous silicon prepared
after etching times of 10 and 50 min

Figure (3) shows the AFM images of porous
silicon samples prepared after different etching times
(10 and 50 min) as the etching current was kept
constant at 40 mA. It was observed that the average
diameter decreased with increasing etching time and
a change in the microstructure of the porous silicon
surface is observed at different etching times (10 and
50 min) where the pore size is significantly varied, as
shown in the AFM images. This may be caused by
inhomogeneous composition of the substrate and
electrolyte, and seems to increase with layer
thickness.
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(b)
Fig. (3) AFM images of porous Si wafer prepared at constant
current of 40 mA and etching times of 10min (a) and 50min (b)

Figure (4) shows the photoluminescence (PL)
spectra of the porous silicon samples prepared after
etching times of 10 and 50 min. It is apparent that the
exciting wavelength is at 210 nm, which is the
maximum absorption peak observed in UV spectra of
porous silicon, and the fluorescence spectrum consist
of strong UV emission peaks centered at 289 and
291nm for porous silicon prepared at 10 and 50 min,
respectively. This blue shift could be attributed to
decreasing in grain size.
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Fig. (4) Photoluminescence (PL) of porous silicon prepared at
current of 40 mA and etching times of 10 and 50 min

4. Conclusions

Polycrystalline Cu,S-doped ZnS structures were
successfully prepared as thin films by PLD method.
These structures were deposited on the surfaces of
porous silicon samples prepared by electrochemical
etching method. The topography of porous silicon
shows a decrease in average diameter with increasing
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etching time. The photoluminescence emission
spectrum has a broad blue range with increasing
porosity time.
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Fluorescence Characteristics
of Coated-Cell Dye Solutions
Containing Highly-Pure
Nanoparticles as Random
Gain Media

In this work, enhancement to the fluorescence characteristics of laser dye
solutions hosting highly-pure titanium dioxide nanoparticles as random gain
media. This was achieved by coating two opposite sides of the cells containing
these media with nanostructured thin films of highly-pure titanium dioxide.
Two laser dyes; Rhodamine B and Coumarin 102, were used to prepare
solutions in hexanol and methanol, respectively, as hosts for the nanoparticles.
The nanoparticles and thin films were prepared by dc reactive magnetron
sputtering technique. The enhancement was observed by the narrowing of
fluorescence linewidth as well as by increasing the fluorescence intensity. These
parameters were compared to those of the dye only and the dye solution hosting
nanoparticles without coatings on the cell. For Rhodamine B and Coumarin
102 samples, the fluorescence intensity of coated-cell sample was increased by
230, and 351%, respectively, with respect to that of dye only and by 152 and
141%, respectively, with respect to that of uncoated cells. The full-width at half-
maximum (FWHM) was determined for both cases and found to be 8 and 9 nm,

respectively.
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1. Introduction

The importance of organic dyes and pigments in
spectral, environmental and industrial applications is
increasing significantly due to many modern uses that
have emerged during the past two decades [1-5] and
the wavelength of the emitted light necessarily
represents the difference in energy between these
levels [6-8]. The uses and applications of lasers are
also radical. The need for laser emission increases at
very specific wavelengths [9,10]. Random gain
modes made it easy to produce a laser emission at a
given wavelength without any additional components
or optical elements [11,12]. This mainly depends on
the choice of host (dye) and dispersed particles
(dispersants) and their spectral properties [13-15].

When nanoparticles are used as dispersants in the
host medium, the wavelength of laser emission is
limited by the similar interaction of these particles
with radiation as they can be considered as similar
quantum entities [16,17]. In fact, the differences in
such interactions are too small to produce a wide
range of laser wavelengths [18].

Recently, a laser emission with a width of 4 nm
has been produced [19]. Reducing the complexities of
the system and thus the cost of random laser
production should be reasonably large to replace the
traditional sources of narrow linear lasers, especially
tunable dye and diode lasers [20]. Otherwise, some
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advantages of conventional lasers cannot be
compensated [21].

In this work, enhancement to the fluorescence
characteristics of laser dye solutions hosting highly-
pure titanium dioxide nanoparticles as random gain
media. This is achieved by coating two opposite sides
of the cells containing these media with
nanostructured thin films of highly-pure titanium
dioxide. Two laser dyes; Rhodamine B and Coumarin
102, are used to prepare solutions in suitable solvents
as hosts for the nanoparticles. This enhancement is
observed by the narrowing of fluorescence linewidth
as well as by increasing the fluorescence intensity.

2. Experimental Method

Two laser dyes. Rhodamine B and Coumarin 102
(from Lambda Physik) were prepared in this work
using the preparation and dilution equations. The dye
solution was prepared by dissolving different molar
concentrations of each dye (102, 103, 5x10*, 10*,
5x10%, 105, 10-°M) in different solvents (hexanol and
methanol) at the same concentration,10 Prepared
only and not used in tests, whether absorbance or
fluorescence, to reduce the error rate when preparing
with dilution and preparation equations. Absorption
and flash spectra were recorded to determine the
optimal concentration and solvent. We considered
that 5x10° M concentration was the best for
rhodamine B dye dissolved in hexanol and 10* was
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the best concentration for Coumarin dye 102
dissolved in methanol as an ideal sample for both
dyes. High purity argon gas was used to generate the
plasma column by glowing discharge between two
electrodes (anode and cathode) while high purity
oxygen gas was used as reaction gas with a mixing
ratio (Ar|O2) of 50:50 and a total gas pressure of 0.1
mbar. Thin films of nanocomposite titanium dioxide
were prepared using a dc reactive magnetron spraying
technique and deposited on glass cells placed on the
anode. Film thickness was controlled by deposition
time as the electrode distance between cathode and
anode in the vacuum plasma system remained
constant (4 cm). A cooling system was used to cool
the discharge electrodes in order to prevent secondary
electron emission from the cathode as well as to
prevent heat-induced growth of large particles at the
anode. More details on this system can be found
elsewhere  [22-25]. The titanium  dioxide
nanoparticles were extracted as nanopowder from
thin-film samples using a new technique known as
ultrasound-assisted extraction with simultaneous
freezing. In this technique, nanoparticles are
extracted from the thin film without any heat
treatment or mechanical processing, thus no particle
size increase occurs [25,26].

The spectrophotometric properties of the dye
solutions were determined by a computer-controlled
K-MAC SpectraAcademy SV-2100 UV-visible
spectrophotometer in the spectral range 200-800nm
and fluorescence spectra were recorded with a F96
spectrophotometer  unit  (Shanghai LengGuang
Technique. Co., Ltd.) in the spectral range of 180-900
nm with a 532 nm laser as the excitation source. The
laser output was recorded using a fast high-resolution
detector (CCD) connected to an RS232 card storage
oscilloscope.  Highly-pure titanium  dioxide
nanoparticles were added to the dye solution in
different amounts (0.5, 1, 1.5, 2 and 2.5 mg) with
slow stirring to ensure the diffusion of these
nanoparticles into the dye solution, and the final
sample was made for the random-gain medium of
rhodamine B and Coumarin 102 by adding titanium
dioxide to the dye solution inside the titanium-coated
glass cell on two opposite sides, which is as shown in
Fig (1), in which the fluorescence of the prepared
samples are visually clear on the right side of both
photographs.

Despite the fact that nanoparticles may precipitate
to the bottom of the glass tube, measurements
confirmed that nanoparticles were randomly
distributed in the dye liquid medium and their number
was large enough to perform polydispersity.

3. Results and Discussion

Figure (2) shows the fluorescence spectra of
Rhodamine B and Coumarin 102 dyes in hexanol and
methanol, respectively, for dye solution only, dye
solution hosting the nanoparticles, and dye solution
hosting the nanoparticles with two opposite sides of

the cell containing the solution coated with TiO, thin
films. A 532 nm laser source was used to irradiate the
samples in order to measure the fluorescence spectra.

|

(b)
Fig. (1) (a) Rhodamine B dye solution in hexanol hosting 2.5 mg
of TiO, nanoparticles, and (b) Coumarin 102 dye solution in
methanol hosting 2.5 mg of TiO, nanoparticles. In both cases,
the quartz cells containing the samples were coated on two
opposite sides with nanostructured TiO, thin films

The fluorescence spectrum of Rhodamine B dye
only (Fig. 2a) shows a broad peak of 520-610 nm with
FWHM of 50 nm. The fluorescence spectrum of dye
solution hosting the highly-pure TiO2 nanoparticles
shows reasonably higher intensity and FWHM of 17
nm. This is attributed to the role of TiO, nanoparticles
as scattering centers through the dye solution. This is
the concept of random gain medium formed from dye
solution hosting nanoparticles. Similar behavior is
observed for the Coumarin 102 dye but the peak of
the fluorescence spectrum lies within 500-570 nm and
approximately centered at 534 nm and the FWHM is
15 nm after adding the nanoparticle to the dye
solution. The effect of TiO, film coatings on two
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opposite sides of the quartz cell on the fluorescence
spectra of Rhodamine B and Coumarin 102 dye
samples is observed by the further increase in the
intensity of fluorescence spectrum and the decrease in
the FWHM to be 8 and 9 nm, respectively. These
results are summarized in Table (1).
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Fig. (2) Fluorescence spectra of (a) Rhodamine B and (b)
Coumarin 102 dye solutions in hexanol and methanol,
respectively, hosting 2.5 mg of TiO, nanoparticles and the
quartz cells containing the samples were coated on two opposite
sides with nanostructured TiO, thin films

Table (1) Output parameters of the random lasers fabricated

in this work
Peak Peak
Sample wavelength intensity F\(/r\]lm)'v'
(nm) (a.u)
Rhodamine B 561 38000 8
Coumarin 102 534 39000 9

It is apparent that the difference in intensity and
FWHM between the two cases is not large enough to
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prefer one dye over the other. Therefore, the peak
wavelength is the criterion to choose the suitable dye
for certain spectral range.
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Fig. (3) Comparison of fluorescence spectra of Rhodamine B
and Coumarin 102 dye solutions in hexanol and methanol,
respectively, hosting 2.5 mg of TiO, nanoparticles and the
quartz cells containing the samples were coated on two opposite
sides with nanostructured TiO, thin films

4. Conclusions

In the concluding remarks a random gain medium
was synthesized to produce a laser beam in the green
region of the electromagnetic spectrum (529-531
nm). These media were made from a dye solution
containing high-purity titanium dioxide
nanoparticles. The narrow emission line width was
determined using FWHM at about (9) nm for titanium
dioxide nanoparticles in Rhodamine B dye solution,
while FWHM was (8) nm for these nanoparticles in
Coumarin dye solution 102. Where we note that when
adding titanium dioxide particles The top changed
and became narrower. Also, when coating the glass
cell with titanium dioxide, the intensity increases and
the thickness of the top decreases, and this indicates
an increase in the effective medium clearly. This is a
very encouraging attempt to achieve high-efficiency
manufacturing and the low cost of laser random
transfer in the visible area.
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