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FOREWORD

The Latin American Symposium on Solid State Physics (SLAFES) started in Caracas, Venezuela, and over
time the symposia have taken place in 9 different Latin American countries. The last five events took pla-
ce in Mérida, Venezuela (2002), Havana, Cuba (2004), Puebla, Mexico (2006), Puerto Iguazii Argentina
(2008) and Maragogi, Brazif (2011).

During the last years, in the different editions of the SLAFES, the aim has been to bring together researches
from Latina America and renowned scientists from around the world invited to a unique forum to discuss
the latest developments regarding Solid state Physics.

The XXIst SLAFES version featured the participation of experts in various areas of Physics Solid State
from countries such as Belgium, United States, Spain, Ireland, Chile and Brazil, had 270 submitted works
and was attended by about 140 researchers.

The development of this event was made possible by financial support from of theUniversidad Pedagdgica
y Tecnolégica de Colombia, Universidad Nacional de Colombia, Universidad del Norte (Barranquilla),
Universidad del Magdalena, Universidade Federal de Pernambuco and the Academia Colombiana de Cien-
cias Exactas, Fisicas y Naturales.
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PHYSICS

DETERMINATION OF OPTICAL PROPERTIES OF COMMERCIAL
THIN FILM POLYMERS USED FOR SOLAR PROTECTION
APPLICATIONS

DETERMINACION DE LAS PROPIEDADES OPTICAS EN PELICULAS
DELGADAS POLIMERICAS COMERCIALES UTILIZADAS EN
APLICACIONES DE PROTECCION SOLAR

Andrés Felipe Pérez Marin', Jaime Torres Salcedo™, Luis Demetrio Lépez™, Mauricio Martinez™"

ABSTRACT

Pérez Marin A. E, J. Torres Salcedo, L. D. Lépez, M. Martinez. Determination of optical properties of
commercial thin film polymers used for solar protection applications. Rev. Acad. Colomb. Cienc., 37 (1}: 7-11,
2013, ISSN 0370-3908.

A procedure to determine the optical properties of commercial polymeric films used as solar control for buil-
ding skins is proposed. The spectral variation (190-1100 nm) of the refractive index and extinction coefficient
of the samples were obtained through the simulation of the experimental transmittance spectra of the samples.
Films of polyvinyl chloride (PVC) and poly ethylene terephthalate (PET) were analyzed. Refractive index
values between 1.1 and 2.5 at A= 500 nm and extinction coefficient values of 104 cm-1 in the ultraviolet (UV)
region were found. All these results show a good fit with those given in the literature for similar thin films. A
new concept for the illumination and temperature control of buildings by the use of polymeric thin films as a
transparent solar protection material is presented.

Keywords: Thin films; Polymers; Optical properties; Building skins

RESUMEN

3
Se propone un procedimiento para determinar las propiedades épticas de peliculas poliméricas comerciales
utilizadas como elementos de control solar en pieles de la edificacidn. La vartacion espectral (190-1100 nm)
del indice de refraccion v el coeficiente de extincidn de las muestras se obtuvieron a través de la simulacion
de los espectros de Transmitancia de las muestras. Se analizaron peliculas de Clorure de Polivinilo (PVC) y

Ph. D. Engineering Candidate - Science and Materials Technology, Universidad Nacional de Colombia - Sede Bogota - Facultad de Ingenieria - Doctorado
en Ingenieria Ciencia y Tecnologia de los Materiales, Bogota, Colombia. E-mail: afperezm@unal.edu.co

Ph. D., Grupo de Materialtes con Aplicaciones Tecnoldgicas, Departamento de Fisica, Universidad Nactonal de Colombia - Sede Bogotd. Bogotd, Colom-
bia. E-mail: njtorress@unal.edu.co

Ph. D. Grupo de Materiales con Aplicaciones Tecnoldgicas, Departamento de Fisica, Universidad Nacional de Colombia, Sede Bogotd, Colombia, E-mail:
hmmartinezca@unal.edu.co
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Poli Tereftalato de Etileno (PET). Los vatores del indice de refraccion estin dados entre 1,1 y 2,5 paraA=3500
nm y los valores del coeficiente de extincion de 10 cm! se encontraron en la regidn ultravioleta (UV). Todos
estos resultados muestran un buen ajuste con los datos que figuran en la literatura para peliculas delgadas
similares. Es as{ que se presenta un nuevo concepto de iluminacién v control de temperatura de los edificios
mediante ¢l uso de peliculas defgadas de polimeros como material de proteccidn solar transparente.

Palabras clave: Peliculas delgadas; Polimeros; Propiedades Opticas; Piel de la edificacion

1. Introduction

The window is the element mainly used to control the opti-
cal and thermal properties of spaces in modern architecture.
For this kind of application, new materials such as polymeric
thin films are being used to cover the window. Currently the-
re is a considerable effort to optimize the optical properties
of these coatings for applications of conservation of energy
in buildings, facade embellishment, and greenhouses [1].

One such new material is the polymers, which are an exce-
llent alternative not only as sun protection films for glass,
but also for high-quality optics [2, 3]. The optical properties
depend on the materials from which the films are made and
also on the physical and chemical characteristics of the ma-
terials used as a substrate for supporting the polymeric films.
Nowadays the selection of polymer films is done through the
appearance of the film at first glance, but this is only a mi-
nimum necessity, because the films play a key role in the
window in terms of light and thermal control of the area to
be protected. :

However, the optical performance of the film coafings is not
well understood, due to the lack of models for obtaining and
interpreting their optical properties. In the present paper, a
model for determining the optical properties of polymeric
thin films from transmittance measurements is proposed.

2. Experimental details

Commercial polymers were measured in the form of a thin
film distributed by companies such as FilmTex. The referen-
ces used were: 1) Cristal Commercial UV glass (CCial UV).
This has excellent transparency and highly flexible PVC film:
shine and is flexible with increased resistance to yellowing
caused by sunlight. Thicknesses used: 100, 125 and 150 pm
and 2} PET Film FP3 (FP3), which has good transparency,
toughness, handling, low-temperature resistance, high ener-
gy conservation, and a good level of environmentally protec-
tive surfaces. Also, it shows good resistance to aging. Thick-
nesses used: 125 and 175um.

The samples’ thicknesses were measured with a mechani-
cal profilometer Dektak 150 Veeco with a tip diameter of
12.5 pm. A pressure of 10 ulN was applied over the samples’

surface with a swept length of 3 pm for 80 seconds and a
resolution of 0.083 pm.

The transmittance spectra were obtained using a T80 UV-
VIS Spectrophotometer PG Instruments. The experimental
data were collected in the ultraviolet, visible, and near-in-
frared ranges (A = 190 to 1100 nm), with a step width of 5
nm. The computer program UV WIN 5.0 was used for data
collection, using air as the standard.

2.1Theoretical Model

The physical model used for the calculation is shown in Fi-
guare 1. The polymeric film was immersed between two me-
diums of refractive index n,. A complex refractive index ii is
assigned to the film, and the light impinges perpendicularly
to the polymeric surface.

Light Air: ng=1
T
Y d  Film: fi=ny + ik,
¢
T Air: ng=1
v

Figure 1. Physical systern used to calculate the optical properties
of polymeric films

The transmission coefficient T for normal incidence is given

by [4]:

I [C+ 6207 + 1] + [+ g2)7 + £y7] M
Mg e2@ + (g;2 + by )(g2? + by )e~2% + Cros 2y, + Dsin 2y,

where

ng? —ny? —ky’

(g + )t + ko
_ 2ngk,
(ng +ny)? + klz

g1

hy
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_ ?112 - nzz + k12 - kzz
T )2+ (kg + k)2

g2

_ 2(n ky —mgky)
T (A1) 4 (e + k)P

hy

A=2(gig, + hhy) B =2(g hy — g2y}

C=2(g19, — hiha) D =2(g1hy + g2y}

The theoretical expression for the transmittance T of the
film-air system is given as a function of X, the wavelength,
n, the air refractive index, n, and k| the refractive index and
extinction coefficient of the film, d, the thickness. n, and k,
are used when the polymeric film is supported by a substrate.
In this experiment, the assigned values are n,=1 and k,=0.
The thicknesses of the samples were measured using a pro-
filometer Dektak 150 Veeco.

The procedure followed to calculate the optical properties is
described by the following equation:

|Texp = Trheol < 0,001 2

where T, is the experimental spectrum and T, _is theoreti-
cally obtained from Equation 1.

The theoretical values involved in Equation 2 were found
by iteration using Equation 1. When Equation 2 is satisfied,
the computer stops and the optical constants values are ex-
tracted,

Initially, the sample is supposed to be transparent between
500 and 1100 nm. In this region, approximate values of n,
are obtained, using Equation 2 and the Wemple — DiDo-
menico model [5]:

_EBofa 3)
1237.47\%
B +(=57)

3

where E, is the energy of the oscillator and E_ the dispersion
energy, and n, values are obtained over the whole spectrum.
Finally, the extinction coefficient, k()), was theoretically de-
termined, again using Equation 2.

3. Results and discussion

Figure 2 shows the transmittance spectra of a commercial
thin film and the simulated spectrum obtained theoretically.
The spectrum obtained from the simulation fit well with the

experimental spectra, indicating that the mathematical mode]
could be used to obtain the optical properties of the films. In
Figure 3, the experimental spectra of the investigated sam-
ples are shown. As can be seen in the transmittances curves,
(Figure 3), for wavelengths below 400 nm there is a strong
absorption region, indicating that these films are excellent
for UV protection applications. The samples allowed 85%
transmittance of visible light between 400 to 1100 nm.

In Figure 4 the refractive index values obtained for the sam-
ples are shown. The values obtained are comparable to those
found in the literature [6].

a) 100 1 N 1 1 . 1
et
80+
Simulated
60 T Exp_100
9 TExp 125
= T Exp_150
40 -
201
CCialUV
0— ety
T T F ¥ T
250 500 750 1000
Wavelength (nm)
b) 100 N ) % L \ i i 1
- e
30 -
60 wenmessase Simulated
& e T Exp_125
B — TExp 175
40
24
PETFilm FP3
0
¥ T ¥ T Ll T
250 500 750 1000
‘Wavelength (nm)

Figure 2. Simulated and experimental spectra of a FilmTex Cris-
talCcial UV (a) and FilmTex PETFilm FP3 (b)
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100 L A i i 1 L F -

806

~—— CCial_100
—— CCial_125
—— CCial_150
—— FP3_125
—— FP3_175

60

T (%)

40

20 <

¢ T M 1 T v 1
250 500 730 1000
Wavelength (nm)

Figure 3. All transmittance spectra of polymeric films

3.00 " 1 n 1 " 1 A 1
2757 e CCal_100
2307 CCial_125
225 ———— (Clial 150
% 200 FP3 125
ER FP3_175
& 4 )
#1504
1.25—-
1.00
0.75 4
0.50 : ; T T T
250 500 T30 1000
‘Wavelength (nm)

Figure 4. All refractive indexes of polymeric films

Figure 5 shows the k values obtained for the analyzed sam- |

ples. As is shown in the figure, all the samples exhibit the
same behavior in the analyzed spectral region. The samples
CristaiCcial 100 and PET FP3 175 have a strong absorption
region for UV radiation up to 275 nm, while the other sam-
ples absorb the UV up to 274 nm. The height of the curves
in the UV region is different for all the samples. This beha-
vior could be associated with the different thicknesses of the
samples.

Thicker samples allow the passage of a small percentage of
short wavelengths of the UV light. From UV to NIR (1100)

CCial_100
——— CCial 125
CCial_150
FP3_125
FP3_175

k, Extinction coefficient

¥ 1 ] ¥ T
250 500 750 1000
Wavelength (nm)

Figure 5. All extinction coeffient values of polymeric films

nm, all the samples are nearly transparent, with small ab-
sorption regions near 520 nm. If the sample is deposited on a
substrate, the optical properties change, due to the presence
of the substrate. This kind of system could also be analyzed
using the theoretical model.

The model allows an easy determination of the optical cons-
tants of polymeric films used for the solar protection of win-
dows.

4. Conclusions

A theoretical model was proposed for obtaining the optical
properties of commercial films used as window protection.
This model allows determining the spectral variation of the
refractive index and absorption coefficient of polymeric
films. The model could be applied to single samples, deposi-
ted on crystal substrates and multilayer systems.
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PHYSICS

STRUCTURAL CHARACTERIZATION, THERMAL AND
MORPHOLOGICAL ANALYSIS OF MATERIALSAT ECOLOGICAL
PARK THE POMA-COLOMBIA

CARACTERIZACION ESTRUCTURAL, ANALISIS TERMICO Y
MORFOLOGICO DE MATERIALES
EN PARQUE ECOLOGICO LA POMA- COLOMBIA

S. Hidalgo’, D.A. Landinez Tellez’, J. Roa-Rojas”

ABSTRACT

Hidalge, 8., D. A. Landinez Téllez, J. Roa-Rojas. Structural charactetization, thermal and morphological
analysis of materialsat ecological park the Poma-Colombia. Rev, Acad. Colomb. Cienc., 37 (1): 12-16, 2013.
ISSN 0370-3908. '

This place hosts rock shelters with cave paintings. The materials studied include: clays, substrates and pigment
in cave painting, these materials were analyzed under various experimental techniques suitable for structure
determination, thermal and morphological analysis. To determine the basic composition the X-ray fluorescence
energy dispersive (XRFED) was used. This is versatile, fast and nondestructive sampling technique used in
archeological field, because it uses little sample and is not invasive. For identification of the clays, the technique
of X-ray Diffraction (XRD) is employed in order to demonsirate the present phases. To observe the thermal
behavior two methods were applied, differential scanning calorimetry (DSC) and thermal gravimetric analysis
(TGA). These two techniques allow determining any event associated with a change in thermal properties of a
material with respect to temperature or time. Finally in the morphological analysis, the study of grain size to the
clay fraction was performed by scanning electron microscope (SEM).

Keyword: Rock art, pigment, characterization techniques.

RESUMEN

Este trabajo realiza un estudio de materiales en el Parque ecolégico la Poma ubicado en Soacha-Cundinamarca
este lugar alberga abrigos rocosos con pinturas Rupestres. Los materiales que se estudiaron son: arcillas, sus-
tratos y pigmento en Pintura Rupestre estos materiales se analizaron bajo varias técnicas experimentales ade-
cuadas para la determinacién estructural, andlisis (€mmice y morfologico. En cuanto composicién basica para
ello se utilizo la fluorescencia de rayos X por energia dispersiva (EDXRF) es una técnica de muestreo versatil,

* Grupo de Fisica de Nuevos Materiales, Departamento de Fisica, Universidad Nacional de Colombia - A.A. 5997, Bogotd D.C, Colombia. E-mail; shidal-
gofi@unal.edu.co,
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rapida y no destructiva utilizada en el campo arqueologico ya que se utiliza poca muestra y no es invasiva, para

Ia identificacion en la arcillas se aplico Difraccion de rayos X(DRX) para evidenciar las fases presentes, para

ver el comportamiento térmico se aplicaron dos métodos la calorimetria diferencia de barrido (DSC) y anélisis
Termogravimétrico (TGA) estas dos técnicas permite determinar cualquier tipo de evento asociado 2 un cam-
bio de propiedades térmicas de un material respecto a la temperatura o al tiempo, para la parte de morfologia
realizamos estudio de tamafio de grano a la fraccion arcilla.

Palabra clave: Arte rupestre, pigmento, técnicas de caracterizacion.

1. Introduction

The characterization of materials in artistic representations
presents a great difficuity, due to the raw materials employed
in their elaboration and degradation processes, which may
lead to a large number of substances. Also, the historical va-
lue usually associated to samples from artistic origin impo-
ses reserves about the amount of available sample for study,

The study of cave paintings has been focused on understan-
ding the forms and figures represented and the relationships
that these keep with a general set of symbols, in which the-
re is an interest in the meaning and forms represented. The
Archaeometric analyzes done in these paintings do not evi-
dence in depth aspects as raw materials used and processes
performed.

Knowing this information about composition and manu-
facturing processes of material allows to the obtained in-
formation be associated with other already archaeological
events ocurred. In addition the results obtained under the
techniques which pigment is studied, will guide the conser-
vation and restoration of cave paintings. As it is necessary,
in principle, conceiving the cave paintings on a broader con-
cept of integrity in other scientific disciplines. Likewise, it
is considered that the way to make plans of preservation of
the pictographs is to advance in the characterization studies
of the pigments.

In Latin America are still incipient studies on the application
of characterization in cave paintings. Some few reported in
scientific literature, as developed in the archaeological and
physicochemical study of cave paintings in Hob. Which
aims to present new evidences of cave representations and
nondestructive techniques used on some samples [1].

The research on materials, laboratories and relationships that
can be seen in these fields are quite scarce. Only recently
a report has been done in this field. The GIPRI’s work has
become a pioneer in the development of this research. Spe-
cifically the work of Judith Trujillo Tellez. This thesis titled
Paintings Archacometry: “La Piedra de La Cuadricula’ is the
first work developed in archacometric analysis of the cave
paintings of cundiboyacense plateau in infrared specirome-

try laboratories of the National Museum of Natural History
in Paris [2].

2. Experimental details

in this paper we study samples of clay materials from Ecolo-
gical Park La Poma, whose geographical coordinates are 4°
31°56 .74 N and 74 © 16’49 .08” W respect to Bogota at a
height of 2600 meters. In this place several rock shelters are
found along with paintings. This article will include results
of some samples as a pigment and substrate rock, collected
on a rock shelter called the Grid stone see Figure 1, which is
located in the inside the park.

Figure L. Photographs Grid stone wall the Poma Park.
Source: Researchers o frock art in Colombia.

Samples were taken following the protocols of sampling of
rupestre sites. This indicates extract small rock samples to
not affect the rock panel, 6 samples were taken from diffe-
rent materials, three of them are clays of the area denoted
in the paper like (M1 , M2, M3) with different colors and
textures, one rock fragment the grid stone (rock) and one of
paint not exceeding 2 cm ? denoted (pigment), the GIPRI
group in an field trip several years ago found a reddish rock
that also link to the study as a possible candidate for pigment
raw material (M5).
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2.1. Techniques

Fluorescence Spectrometer for X-ray, has been developed
especially for mineral analysis in the field and other indus-
trial and scientific applications.

Some characteristics of X-ray fluorescence portable (XRF)
analysis rake it an ideal method for researching of cultu-
ral relics and archaeological finds. Therefore, it has become
a standard method used in archeometry. Paintings, manus-
cripts, ceramics, metalwork, glass, and many other objects
are analyzed in order to recognize their materials, production
technologies and origin, and to identify counterfeit {3], for
this technique afl samples were studied.

Thermogravimetry (TG} was used to determine the loss mass
experienced by the solid sample subjected to the action of
temperature. Furthermore, to determine the endothermic and
exothermic reactions the differential scanned calorimetry
was used (DSC), for the study a differential scanning ca-
lorimeter was used, TA Instruments DSC Q100, whose the
temperature accuracy is + 0.05°C previously calibrated with
a Indian standard, an atmosphere of nitrogen was used with
a controlied flow of 50ml/min.

The XRD analysis helped to characterize and quantify the
mineral phases present in the samples of clays, there are two
methods of XRD: Powder Method, used to make a characte-
rization and quantification of mineral phases in general, and
the aggregate oriented method, used to inake a good cha-
racterization and semi-quantification of clay mineral phases,
the X-ray diffraction analysis was performed with analytical
X’Pert PRO MPD diffractometer, located in the department
of Physics at the National Unive rsity. diffractograms were
analyzed using X’Pert HighScore.

Before applying the technique of clay for samples oriented
XRD, in some cases it is necessary the cleaning and pre-
concentration of the clays present in the sample [4].

These preparatory steps are briefly described below.

- Treatment with acetic acid to remove carbonates: Tt may,
be necessary to dissolve the carbonates in some limestones
and sediments before the clay minerals can be identified.

- Removal of organic material with hydrogen peroxide:
The presence of organic compounds, which causes a
targe hump in the diffraction patterns of powder X-ray,
can obscure the maximas of diffraction of the mineral
species.

- To prepare oriented aggregates of the fine fraction, the
total sample is freated by homogenization and dispersion
with distilled water. Then the fine fraction is separated by

decantation recovering the finest fraction to verify parti-
cle size which is what we used to prepare oriented aggre-
gates, we used the scanning electron microscope (SEM).

3. Results and discussion

3.1. X-Ray Fluorescence

The X-ray fluorescence, shows a high content of oxides of
Aluminum and Silicon, as shown in Table.1 and 2. Lower
values than 1% were not taken into account because their
low percentage of concentration,

Table 1. Chemical element by X-Ray Fluorescence and con-
centration percentagesin clay sample M1, M2, and M3.

Percent concentration (%)
Compuesto / Elemento M1 M2 M3
Si02 68.78 52,92 47 44
Tio2 - 1,10 0,94
Al203 25,81 26,79
Fe203 4,00 7,79 7,65
K20 2,05 - -

Table 2. Chemical elements and percent concentration in
samples (M35), substrate and pigment, Portable x-ray Fluo-
rescence.

Percent concentration (%)

Element Symbol M5 rock Pigment
Silicon Si - 24,33252 | 4,52926
Potassium K - - -
Calcium Ca 1,71633 - 7,61755
Titanium Ti 0 7,3547 -
Iron Fe 98,28366 | 12,73902 | 75,56346
Strontium Sr - 18,6709 6,42859
Nickel Ni - 12,56221 -
Zirconium Zr - 24,34061 | 5,86111

For the pigment, the substrate and the M5 sample, the portable
X-tay fluorescence technique was applied. In the pigment an
iron (Fe) and zirconium (Zr) were found as potential chromeo-
phores. On the other hand for the substrate, elements such as si-
licon (Si) and zirconium (Zr) were found in equal proportions.

3.2, Analysis Thermal

The results of TG and DSC analysis are presented in Figu-
re 2 and 3, they evidence similar peaks in the two studied
clays, the DSC chart between (8.01°C and 9.54°C) is obser-
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ved respectively, and a second endothermic peak common to
all clays, between 138.61 °C and 122.89 © C, both peaks are
caused by the loss of hygroscopic or free water. This loss of
water is also reflected in the thermogravimetric curves for
the marked loss weight and these result from the loss of hy-
groscopic or free water [5], this water loss is also reflected in
the thermogravimetric curves, for the marked weight loss as
shown in Table 3, mass loss on clay is very small, they are
thermally stable, in the M5 sample the mass loss is minimal
and no marked losses.

[ —— M1TGA
—— M2 TGA
--- M57GA
~
g5 - =~ Residue 142

50.43%
14.72mg

4.807% Resldus M1
0.8503 mg 39.19%
16.46 myg

Weight (%)
=
;

+7.66%

7.083my
Residue M2
§7.12%

_ 638 mg

H 200 st [ 800 1000
Temperature (*C}

Figure 2. Graphical mass loss for the (TGA) M1 and M2.

—— M1 0SC
—— M2 DSC

Haat Flow {mW)

50 ) 0 w150 200 250 300
Temperature (*C}

Figure 3. Scanning calorimetry differences (DSC) M1 and MZ\.‘

Table 3. Percent of mass loss between O°C y 1000°C,

Mass Mass initial | Mass loss Residue Residue
(mg) (%o) (mg) (%)
M1 18,456 10,81 16,46 89,19
M2 39,993 32,88 26,84 67,12
M5 16,283 5,57 1,563 90,43

3.3. Analysis granulometric .

The obtained results for the various fractions in table 4
are given, Product average values are shown for chemical
treatments performed. The counting was done in the Image
1. Processing and Analysis Imagen is a public domain soft-
ware, As noted, the samples M1, M2, M3 and M5 has an ave-
rage value between 0.390um- 0.55%9umwhich corresponds
to a clay fraction, Becomes effective chemical treatment
processes carried out for the removal of impurities to find
the fraction clays.

Figure 4. Clay Fraction M1, SEM image taken by.

Table 4: mean, standard deviation SD, Maximum, Minimum
and all elements studied.

Date Mean SD Minimum Size
M1 3,93E-04 | 2,33E-03 1,59E-06 1343
M2 | 4,93E-04 1,83E-03 1,61E-06 2267
M3 5,59E-04 | 2,90E-03 1,61E-06 1937
M5 0,00409 ,00331 0,00178 1789

3.4, Analysis X-ray diffraction

X-ray diffractograms obtained for samples M1 are presented
in Figure 5, based on these, one can identify the majority and
minority phases which compose each of the clays, for pow-
der samples, the clay glycol treated, and process temperature
350°C and 550°C,

The analysis took into account the higher mineral phases
of the sample, in the samples studied these are: a high con-
tent of Quarzo Si O,, Kaolinita (Al281205(0OH)4), Hematita
(Fe203) y Aluminum Phosphate (PO4).
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Figure 5. X-ray diffraction shows M1 powder sample, treated
with glycol temperature 350 ° C and 550 ° C.

Table 5, Phase percent in samples clay treated..

Q:;,r)zo Ka((:;i,r)lite An(::j:;:se i:;l;irt? He(:i]:)tita )
(%)
M1 31 il I 50 1
M1 sin glicol 57 33 - 6 3
M1 con ghicol 20 28 8 41 3
350 C 25 20 4 43 3
550C 31 30 4 33 2
M2 58 36 - - 5
M2 sin glicot 26 68 4 - 3
M2 con glicol 37 56 7 - -
M3 37 56 7 - -
M3 sin glicol 12 84 3 - -
M3 con glicol 11 83 6 - -
M5 20 - - 21 59

4. Conclusions

The clays studied under the x-ray fluorescence technique
shows the presence of oxides of 8i and Al. This matches

with majority mineral phases exhibited in the X-ray diffrac-
tion, These two techniques in the sample M5 presents greater
amounts of iron oxides.

The x-ray fluorescence Portable technique showed a great ad-
vantage in the study of pigment and substrate, since allowed
to identify separately its composition without damaging the
sample, the use of this technique resulted very useful becau-
se the amount of sample studied was very small and has great
wear. The presence of iron oxide in the clay and the pigment
are associated like responsible for its reddish color.

Clay samples analyzed under the DSC and TGA thermal te-
chniques exhibit thermal stability, this is evidenced by the
low mass loss also associated with hygroscopic water loss.
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SPIN POLARIZATION RESONANT TUNNELING
WITH DRESSELHAUS AND RASHBA SPIN-ORBIT COUPLING
IN THE PRESENCE OF HYDROSTATIC PRESSURE
AND THE MAGNETIC FIELD

TUNELAMIENTO RESONANTE ESPIN-POLARIZADO CON
ACOPLAMIENTO ESPIN-ORBITA DE DRESSELHAUS Y RASHBA
EN PRESENCIA DE PRESION HIDROSTATICA'Y CAMPO
MAGNETICO

J. A. Zaiiga®, 8. T. Pérez-Merchancano®, H. Paredes Gutiérrez™

ABSTRACT

J. A, Ziiiiga, S. T. Pérez-Merchancano, H. Paredes Gutiérrez: Spin polarization resonant tunneling with
Dresselhaus and Rashba spin-orbit coupling in the presence of hydrostatic pressure and the magnetic field. Rev.
Acad. Colomb. Cienc., 37 (1): 17-21, 2013. ISSN 0370-3908.

Whereas electron transport through spin polarization has a high potential for applications of electronic devices,
making relevant the study of the physical effects inherent to the spin; are shown with this work theoretical
results which allow investigations done about possible optimal heterostructures for spin filter manufacturing.
The spin polarization is analyzed using the resonant tunneling on a double potential barrier considering the se-
miconductor heterostructure of GaAs/Ga, Al As/GaAs. The physical-mathematical model presented includes
the interaction of coupling of the spin type: k*-Dresselhaus and Rashba in the barriers, Rashba before and after
them and Dresseibaus in the well. In addition all the heterostructure is subjected to a constant magnetic field and
hydrostatic pressure (PH); because of these additional effects, the model also considers the g factor of Landé as
function of the PH. The estimates obtained for the spin polarization is in function of the energy applied to the
electron, the magnetic field and fixed PH.

Key words: Spin polarization, Dresselhaus and Rashba Spin-orbit coupling, Spin filters.

RESUMEN

Considerando que el transporte electrénico mediante la polarizacion de espin tiene un alto potencial en apli-
caciones de dispositivos electrénicos, haciendo relevante el estudio de los efectos tisicos inherentes al espin;
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s¢ muesiran con este trabajo resultados tedricos que permiten realizar investigaciones sobre posibles hete-
roestructuras optimas para la fabricacion de filtros de espin. La polarizacién de espin se analiza mediante el
tunelamiento resonante en una doble barrera de potencial considerando la heteroestructura semiconductora de
GaAs/Ga, Al As/GaAs. El modelo fisico-matemitico que se presenta incluye la interaccién de acoplamiento
de espin tipo: k*-Dresselhaus y Rashba en las barreras, Rashba antes v después de ellas y Dresselhaus en el
pozo. Ademds toda la hetercestructura es sometida a campo magnético constante y a presion hidrostatica (PH),
debido a estos efectos adicionales, el modelo también considera el factor g de Landé come funcion de la PH.
Los caiculos obtenidos para la polarizacién de espin estd en funcion de la energia aplicada al electrén, el campo

magnético y PH fijas.

Palabras clave: Polarizacion de espin, Acoplamiento espin orbita Dresselhaus y Rashba, Filtros de espin.

1. Introduction

Most of proposals for the spintronic devices are sometimes
spin polarized transport through interfaces in various hybrid
structures. Structures of double resonant barrier are not only
rich in physics but also useful for various device fabrica-
tions. To determine the viability of the devices in mention is
essential to answer questions of how to transport and detect
spin polarized and how keeping its spin polarization over a
relatively long time. Schmidt et al. proposed that the conduc-
tivity mismatch of metal and semiconductor structure canses
a fundamental obstacle for elecirical injection in ferromag-
netic semiconductor [1]. As a result, Rashba uses tunneling
contact at the interface of semiconductor and metal [2]. Sun
et al. Polarized spin current generated in the semiconductor
by the effect Rashba coupling [3,4].

On this work is presented a theoretical study to analyze
the efficiency of polarization in any heterostructure type of
double-barrier through spin orbit coupling k*-Dresselhaus
(DSOC) given on the crystalline structure zinc-blende type,
which generates a breaking of reversal symmetry (BIA) [5],
present in the barriers and well that are generated by the he-
terostructure as GaAs/Ga, Al As/GaAs and coupling in the
plane Rashba (RSOC}) that is generated by the rupture of
structural inversion symmetry (SIA) [6] in the barriers [7]
before and after them.

2. Method

For the analysis of the clectron tunneling, initially is consi-
dered a wave vector k = (k”,k;) through a system of dual
potential barrier of symmetrical of height ¥, , generated by
a heterostructure type GaAs/Ga, Al As/GaAs which grows
along z on the direction [001]; the components k and %, are
also wave vectors, the first in the plane of the barrier and the
following is a component normal to the direction of tunne-
ling. Infact, k= (k”Cosgo, kSen, k, ) where ¢ is the polar
angle of the wave vector & in plane xy . The calculation of

the spin polarization and the probability of tunneling for the
spin up and down under the DSOC and RSQC, considering
effects of magnetic field and hydrostatic pressure, is based

the Hamiltonian:
2

ﬁ:~2h (kB +E )+, (z,x)+ Hy, (1)
i

Where i, is the effective mass in function of the PH,
¥,{z,x) is the potential of the heterostructure that depen-
dent on concentration of Al and of the PH by ref. [8,9], and
H,, is the Hamiltonian effective dependant of the spin,
which is the addition of the spin orbit interaction k*-Dressel-
haus H, = B, (6,k,— &,k )k’ , the term in the plane Rash-
ba H, =g, (6’xky - 6ykx) and the contribution of the mag-
netic field given by Zeeman H, =1g. 1, (o‘"B) [5,6,7,10].
Where 8, y ¢, are constants characteristic of each mate-
rial, & = (6;,6’)‘,62) , with &, as the matrices of Pauli, £,
the components of the electron wave vector, g, corresponds
to factor of Landé effective in function of the PH, 4, is the
magneton of Borh and B =(BCos#,BSen,0) magnetic
field orientation.

To solve the equation of Schrédinger-Pauli Iflbywrf/ =B ge-
nerated by the expression (1) requires that the wave function
i, and disengaged for the effects of spin and magnetic
field, for this considered the spinors of Dresselhaus }7

and the Zeeman #7 , which are supplementary [10,11] and
allow diagonalize the Hamiltonians that relate, a function
u = u(z) which describes the behavior of the electron on the
tunneling direction and a plane wave parallel to the plane
of the barrier exp[ik, 5] where p is a vector in the pla-
ne of the barrier given by g =(x,»), accordingly must be

Iﬁ=/€,f U, (Z)exp[l‘g”ﬁ] .
Under the considerations of the wave function ¥, the

function #_, where ¢ =t makes reference to the spin states
up “+  and spin down* -7, is defined by the expression:



1. AL ZURIGA, 8. T. PEREZ-MERCHANCANO, H. PAREDES GUTIERREZ. SPIN POLARIZATION RESONANT TUNNELING WITH DRESSELHAUS AND RASHBA SPIN-ORBIT ... 19

Alexp [ii(o',z:|+B;"exp|:—isz] si -a, <z
Crexp|p,z|+ Diexp[-p,z]  si  —a,<z<0
E exp I:iKaZZ] + F exp |:—i Ka‘zz] si O<z<a, @

Crexp|p,z]+ Diexp|-p,z) si a,<z<ara,

Alexp [iira,,z] + Blexp [w.r.'fcmlz] si zrata,

The wave vectors k.,, &, and p} are functions in terms

of the electron energy applied to the hydrostatic pressure and
the magnetic field. Determine:

Where a, and a, represents the width of the left and right
barriers respectively, @, the width of the well. The wave

vectors K.,, K., and p} are functions in terms of the elec-

tron energy applied to the hydrostatic pressure and the mag-
netic field. Determine: -

ko, =, 2

PR, j _ak hz i ? (3)

b, =18, 2

PD, ;T Jﬁo—hz— 1 (4)
m, . g

kP,B,j - izp'j a B )

For j=w,b, which w is associated with the results given
by the well and b and the barrier, is obtained:

Table 1. Wave vectors along the direction of magnetic field application.

= — A? z 2 —_
0=-1% K;.l = Pra ik!’,R, w * k.v,s_ w O = Pru = kp‘s, w 2 _ Pey + kP,R,b + kP,B,b
@2 & Joa- - k
PDw DB
—3 2 _ a2 - 2 T :
0= Kot = Pro t kP.R. wt kP‘B. w — Pry ¥ k”-“?' w pz _ PrsF kP,R.b * P.B.b
Koo, ’ k

PO,

Considering to p7_ and p’ , analogous to those defined in ref. [7, 10, 11]

For calculating the coefficients of transmission, T, , through
the heterostructure GaAs/Ga, Al As/GaAs was used the
standard conditions of border of Ben Daniel-Duke for the
barriers of the left and right and the method of the transfer
matrix for the whole system, thus obtaining an expression
involving the spin up and the spin down, with the various
variables specified in this work. The efficiency of spin pola-
rization is determined by

P T, -T.
T, +T.

(6)

3. Results and discussion

For the analysis of the theoretical results was considered
the semiconductors of GaAlAs, Ga,,, Al ,,As y GaAs, since
they are crystal structure with constant of similar network.
On consequence the relevant parameters needed for simu-
lations involving the above materials are shown in Table 2
below.

Table 2. Parameters for the semiconductors.

GaAlAs Ga, Al AS GaAs
By, VA 19.7 13 18 11 24114
Oy EVA 0.0047 031 0.025 '3 0.0873171_|
g:/% —0.43191 0.4 09 —0.44 131

Values are given at atmospheric pressure.

The wave vector in the plane of the barrier is fixed for all
simulations k&, = 2x10° m™' according ref. [6,7,10,11] . The
thickness of the barriers are worked as a, = a, =3nm and
width of well asa, =8nm ,to T =80K .

In Fig. 1.a) is observed that polarization given by all the
conditions that this paper suggests (1) reaches 2% favoring
spin down, while if only considers in the barriers the effects
DSOC y RSOC (2) the polarization rises to 6% but favor-
ing the spin up. For Fig. 1.b) Is observed greater symmetry
in polarization, appearing equally in the spin inversion, of up
to (2) to down in (1). This same phenomenon occurs again to
only consider the effect DSOC in the well.
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Figure 1. Spin polarization for the system double batrier of potential corresponds to the heterostructures of a) GaAs/GaAlAs/GaAs,
b) GaAs/ Gap.70 Alp.30As /GaAs, depending on the energy applied, at atmospheric pressure without the presence of magnetic field.

The presence of magnetic field favors appreciably the spin
up polarization in the heterostructures (2), approximately a
90% to B=4T , but as HP increases spin polarization decrea-
ses helping the spin down from 10% to about 35%, as shown
in Fig. 2.a), this effect can be counteracted by changing the
direction of application of the field favoring the spin up from
35% to 42%. In an analogous manner behaves the heteros-
tructure (1), but with lower efficiency.

In Fig. 2.b) is observed a balance point in a range between
7.5 to & Kbar approximately, where the spin polarization is
invariant, which indicates that the terms involving the mag-
netic field in table 1 are made zero, implies in turn that the
factor of Landé must be zero to GaAs and GaAlAs since
this factor increases as the PH increases according to the ref.
[15], likewise shows that the spin up polarization rate de-
creases to the balance point and then it slowly increases after
him, as the magnetic field increases to the heterostructure
(1), tll B=0.5T.

10 T g i T T "
os (1) GaAs/GaAlAs/GaAs
(2) GaAs/Ga, Al ,As/GaAs
----- ()P=0Kbar |
(1Y P = 15 Kbar 4
5 == >{1)P =30 Kbar
8
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0.2 4 ——(2) P =0 Kbar
- (D P=15Kbar RN
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4 2 0 z 4
3) Magnetic Field (T)

o7
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(2) GaAs/Ga, Al As/GaAs b

~—B=0T
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S——

Polarization

b) Hidrostatic Pressure (Kbar).

Figure 2. Spin polafization under all conditions proposed for this work. With a energy applied to the electron of E, =100meV and
E(z) =140meV . Is considered an initial state for the spinof =%



1. A. ZUNIGA, 5. T. PEREZ-MERCHANCANO, H. PAREDES GUTIERREZ. SPIN POLARIZATION RESONANT TUNNELING WITH DRESSELHAUS AND RASHBA SPIN-ORBIT ... 21

4. Conclusions

The effect of moderate pressures to which they are exposed
electronic devices in their construction process generated
significant changes in the conduction bands in the materials
that make up; situation that is reflected in the loss of spin
polarization for the heterostructures in study; fact that can be
largely reduced by reversing the direction of the magnetic
field to consider.

For heterostructures analyzed by taking into account the
effect DSOC and RSOC in the barriers prevails the spin up,
but when added DSOC in the well and RSOC before and
after of the barriers inversion occurs in the spin. Therefore
these interactions continue encouraging the manufacturing
engineering for the spin valves, based on double barriers
given by non-magnetic semiconductors.
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PHYSICS

ELECTRICAL TRANSPORT PROPERTIES OF Cu,ZnSnSe,
THIN FILMS FOR SOLAR CELLS APPLICATIONS

PROPIEDADES DE TRANSPORTE ELECTRICO DE PELICULAS
DELGADAS DE Cu_ZnSnSe, PARA APLICACIONES EN CELDAS
SOLARES

Neyder Jesis Sefia®, Anderson Dussan Cuenca®, Gerardo Gordillo Guzméan™.

ABSTRACT

Sefia, N.J., A. Dussan Cuenca, G, Gordillo Guzman. Electrical transport properties of Cu,ZnSnSe,
thin films for solar cells applications. Rev. Acad. Colomb. Cienc., 37 (1): 22-26, 2013. ISSN 0370-3908.

In this work we study the electrical transport properties of Cu,ZnSnSe, (CZTse) thin films. CZTSe thin films
were prepared by PVD method; the parameters of deposition as substrate temperature (T) and mass, (Mx),
{Mx = ZnSe, Cu) were varied for a range wide, Conductivity and resistivity measurements as a function of
temperature were obtained between 120 and 400 K. It was observed, that high-temperature range above room
temperature (>300 K) the carrier transport is thermally activated, with a single activation energy that changes
with the variation of T and Mx. In the low-temperature range (<300 K), variable range hopping (VRH) was es-
tablished as a predommant electronic transport mechanism for all samples. Hoppmg parameters were obtained
by Diffusinal model and percolation theory.

Key words: Semiconduciors, Electrical properties, VRH

RESUMEN

En este trabajo presentamos un estudio de las propiedades de transporte eléctrico de peliculas delgadas de
Cu,ZnSn3e, (CZTSe). Las peliculas de CZTSe fueron preparadas a través del método PVD, variando en un
amplio rango la temperaturas de sustrato (T) ¥ la masa (Mx), (Mx = ZnSe, Cu). Las medidas de conductividad
vy resistividad en funcién de la terperatura fueron realxzadas entre 120 y 400 K. Se evidencid que para la regién
de altas temperaturas (>300 K) los portadores son térmicamente activados con una tinica energia de activacién
que cambia con T, y Mx. Para la region de bajas temperaturas (<300 K), se establecid, para todas las mueslras,
que el mecanismo de transporte es hopping de rango variable (VRH). Se obtuvieron los parametros hopping a
partir del modelo Difusional y la Teoria de Percolacion.

Palabras clave: Semiconductores, Propiedades Eléctricas, VRH
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Introduction

Quaternary compounds Cu,ZnSnS, (CZTS) and Cu,ZnSn-
Se, (CZTSe) have attracted increasing attention as potential
absorber materials for thin film solar cells. [Lechner R., Jost
S., Palm J., Gowtham M., Sorin ¥., Louis B., Yoo H., Wi-
bowo R. A., Hock R., 2013; Guo Q. J., Ford G. M., Yang
W. Ch., Charles 1. H., Hugh W. H., Rakesh A, 2012] This
is due to their cheap resource, n-type conductivity, high ab-
sorption coefficient (>10¢ cm™), and direct band gap close
to the optimum value for solar energy conversion. [Lin S,
Jun H., Hui K., Fangyu Y., Pingxiong Y., Junhao Ch., 2011;
Lee S. M., Mohanty B. Ch,, Jo Y. H,, Yong S. Ch., 2013]
There are some repoxts in which CZTS and CZTSe thin-film
have been prepared by several typical techniques, such as
sol gel [Fahrettin Y., 20117, electrodeposition [Ji L., Tuteng
M., Ming W., Weifeng L., Guoshun J., Changfei Z., 2012],
selenization of elemental precursor [Salomé P.M.P., Fernan-
des P.A., Da Cunha AF,, 2009], sputtering [Brammeriz G.,
Ren Y., Buffiere M., Mertens S., Hendrickx J., Marko H.,
Zaghi A., Lenaers N., Koble Ch., Vieugels J., Meuris M.,
Poortmans J., 2013], etc.

A thorough understanding of the physical properties of
Cu,ZnSnSe, thin films is quite essential for its ultimate use
as absorber in thin film solar cells; however few studies are
reported on electrical and transport properties for this com-

pound semiconductor.

In this work we present a study on electrical and transport
properties of Cu,ZnSnSe, (CZTse) thin films prepared by
thermal co-evaporating method. The influence of the initial
composition of the films was studied for Cu-rich, stoichio-
metric and Cu-poor layers, as well as also on effect of the
temperature. From dark conductivity measurements perfor-
med over a wide range of temperatures, showed that above
room temperature the dominant mechanism is the thermal
activation of carriers. In the low-temperature range, it is bet-
ween 300 and 120 K, variable range hopping (VRH) was
established as a predominant electronic transport mechanism
for all samples. Using classical equations from the percola-
tion theory and the diffusional model, the density of stites
near the Fermi level, as well as the hopping parameters, were
calculated. A correlation between the hopping parameters for
both models is presented.

Experimental details

Thin films Cu,ZnSnSe, were prepared on Soda Lime-type
glass substrates through physical vapor deposition (PVD) in
the presence of Se. The substrates were washed with sulpho-
chromic solution and after cleaned with neutral PH liquid

soap and followed by cleaning with deionized water in ultra-
sonic bath. The masses of the precursors used were between
0.104 and 0.131 g for Cu, 0.097 g for Sn, and between 0,134
and 0.171 g for ZnSe; It compounds had a high degree of
purity (99.95 + 0.05%). The deposition process was conduc-
ted in three stages. During the first stage, Cu and Se, were
simultaneously co-evaporated at a substrate temperature of
T,(Cu) varying between 573 and 773 K. This stage formed
the Cu,Se composite, as a resuit of the reaction of the two
precursors. During the second stage (in situ), Sn and Se were
simultaneously co-evaporated, maintaining T (Sn)= 523 K;
this stage formed the SnSe, composite, which in turn reacted
with Cu,Se to give way to the formation of the Cu,SnSe,
ternary composite. During the third stage (in situ}), ZnSe was
evaporated varying T (ZnSe) between 573 and 773 K. The
final reaction gave way to the formation of the Cu,ZnSnSe,
quaternary comnposite. The successive reactions during thin
films deposition by PVD method allowed obtaining of the
CZTSe compound with characteristic phase. [Sefia N., 2013]
These reactions occurring have been considered by other re-
searchers in the fabrication of the composite. [Redinger A.,
Mousel M., Djemour R., Giitay L., Valle N., Siebentritt S.,
2013]

Dark conductivity measurements were carried using four-
probe method by Van der Pauw method in equipment
PPMS resistivity. The electrical current was measured with
a Keithley electrometer 617 connected to a computer. The
samples were annealed at 400 K and then cooled down to
120 K at a constant rate of 2 K per min. The applied field was
5mV/em. Conductivity n type for Cu,ZnSnSe, thin films was
identified from thermo power measurements.

Results and discussion

Figure I shows an Arrhenius plot of the dark conductivity
of the quaternary Cu,ZnSnSe, thin films varying the mass of
ZnSe compound and substrate temperature T (Cu).

A linear behavior is only observed in the high-temperatu-
re region, as shown in the Figure I (300 K < T < 400 K).
In this temperature region, it is over 300 K, the transport
mechanism involves carriers activated directly from levels
below the Fermi level to states at the bottom of the conduc-
tion band. Fit linear for both cases is showed in the inset of
Figure 1. Region for higher temperature in the sample with
open squares symbols (see Figure 1 a, b) can be associated
to formation of structural disorder during the characteristic
phase formation of CZTSe contributing to the improvement
of ionic conductivity. [Dong-Hau Kuo D., Tsega M., 2014,
Yilmaz 8., Turkoglu O., Belenli L., 2007] Termopower mea-
surements (TM) are used for conduction type identification.
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Figure. 1. Dark conductivity as a function of the inverse tempera-

ture for CZTSe samples varying a) M, . and b) T (Cw).The Figure

inset shows a lineal fitting for all samples in the high-temperature
range.

[Xie H., Tian C., Li W, Feng L., Zhang J., Wu L., Cai Y.
Lei Z., Yang Y., 2010] In this case, TM were performed on
all samples and it was observed, that conductivity is n-type.
Being the conductivity an exponential function of the acti-
vation energy, small changes in the Fermi level will result in
large variations of G, as it can be seen in Fig. 1. The activa-
tion energies, E , are reported in the table 1.

Table 1. Activation energies calculated from dark ¢onducti-
vity measurements for the CZTSe samples varying the M
and T (Cu).

ZnSe

MZnSe TS(Cu) Ea

® X) (eV)
0.134 0.020
0.153 673 0.072
0.171 0.014
573 0.021

0.117 673 0.072
773 0.014

Quaternary phase, without binaries phases was obtained with
0.118 g for Cu, 0.097 g for Sn, and 0.151 g for ZnSe; tem-
peratures for Cu, Sn and Se were 673, 523 and 673, respec-
tively.

From Table 1 it’s observed that increasing the substrate tem-
perature, T (Cu), from 573 K to 673 K evidence an increase
in the activation energy of the material, therefore an increa-
sing substrate temperature favors the formation copper bonds
on surface, as thus the reducing on charge trapping centers,
structural dislocations and the breaking bonds at crystal lat-
tice. When the substrate temperature rises again from 673 K
to 773 K is evidenced a drop in the value of the activation
energy and the conductivity, this can be attributed to the fact
that possibility, at these temperatures the copper was re eva-
porated showing thus a shortage of carriers.

On the other hand, in the case of the variation of M, ... the
behavior observed in the curves is similar to that described
above, except that the increase in conductivity is associa-
ted with increased presence of Cu atoms participating in the
electric conduction.

Since the Arrhenius plot does not fit at low temperatures
(See Figure 1) and then, other possible transport mechanisms
were sought. In Figuare 2, the variation of dark conductivity
versus I/T"* is shown.

It is observed, that at low temperatures, the lineal fitting is
very good giving a correlation according to Mott’s equation.
[Mott N. F. (1969)] (See Figure 2)

T 1% 1
o= o &7 (1)

The percolation theory has been widely used to study trans-
port phenomena in semiconductors, in particular to calculate
the hopping parameters of Mott’s equation for the case of
VRH; however, these parameters are improved by Diffusio-
ntal model. [Dussan A., Buitrago R. H., 20057 In this last mo-
del, is assumed that the density of states is constant in a range
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Figure 2. Dark conductivity as a function of T for CZTSe
samples varying T (Cu).

of some kT around the Fermi energy, and the latter is within
the localized states, then for the three-dimensional case, the
number of states per unit volume and energy (N,__J, sepa-
rated by a hopping distance R, . is related to the energy
difference between hopping states as Whopp.

Table 2 shows the results for the hopping parameters R,
and W o calculated from the diffusional model at a tem-
perature of 150 K. The density of states at the Fermi level,
N was calculated.

Fermi®

Table 2. Values of W, _and R, for T =150 K in samples
CZTSe varying the substrate temperature during the evapo-
ration of Cu. Calculating N(E__ ) we assumed ¢ = 2.0, y=
257 A [Thamilselvan M., Premnazeer K., Mangalaraj D.,

Narayandass S. K., 2003]

Cu,ZnSnSe, NE,_) Diffusional Modek

TSCw@®) | em*V) | R em) | W, @)
573 7.11x10% 6.22x107 0.01
673 3.40x10% 2.36x1(¢ 0.05
773 3.87x10,, 1.28x10° 0.02

Valuesof W, andR, —are in agreements with the basic ini-
tial assumption that the density of states was constant around
the Fermi level, and that the jumps of the carriers from one
state to the other were only of the order of some k. T.

Conclusion

Dark conductivity measurements performed over a wide ran-
ge of temperatures for CZTSe samples were investigated. It

was found that for temperatures higher than 300K the do-
minant mechanism is the thermal activation of carriers. The
different activation energies found were obtained in terms
of presence of Cu in the material. In the low-temperature
ranges, the main transport mechanism is the VRH. From the
diffusional model and using experimental data W, = and
Ry, Were calculated.
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ESTUDIO DE LAS PROPIEDADES OPTICAS BIRREFRINGENTES
DEL HEMA -DR13
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Emmanuel Mercado Gutiérrez’, Cesar Maestre Molinares™, Sonia Valbuena Duarte™, Francisco Racedo Niebles®

ABSTRACT

Mercado Gutiérrez, E., C. Maestre Molinares, S. Valbuena Duarte, F. Racedo Niebles. Study of optical
properties birefringent of hema - DR13. Rev. Acad. Colomb. Cienc., 37 (1): 27-30, 2013. ISSN 0370-3908.

The following papet is a detailed study of the optical properties of HEMA-DR13 from optical birefringence can
be induced azopolymeric material. Based on the method of two-photon absorption, anisotropy is generated due to
the reorientation of the chromophores in the sample of HEMA-DR13. Using allow-power laser He-Ne, and a laser
Nd-YAG medium power, it was possible to implement an optical system which allows observing the subsequent
quantification of photoinduced birefringence in said material. Subsequently comparing the results obtained with
different theoretical models, thereby determining the characteristic times (time of excitation and relaxation time}
of HEMA-DR13. Additionally, a study of the response signal based on the excitation power and the temperature
of the material being able to obtain the relationship between this variables and the intensity of birefringence.

Key words: Two-photon absorption, Photoinduced bireftingence, Azocompounds.

RESUMEN

En el siguiente trabajo se hace un estudio detallado de las propiedades épticas del HEMA - DR13 a partir de la
birrefringencia dptica que se puede inducir un material azopolimerico. Basandose en el método de absorcion
de dos fotones, se generd una anisotropia debida a la reorientacion de los croméforos que componen la mues-
tra del HEMA — DR13.Utilizando un ldser de baja potencia de He - Ne y un Idser de Nd - YAG de mediana
potencia, se logrd implementar un sisterna dptico el cual permile observar para su posterior cuantificacién de
la birrefringencia foto inducida en dicho materjal. Posteriormente se comparan los resultados obtenidos con
los diferentes modelos tedricos, determinando asi los tiempos caracteristicos (tiempo de excitacién y tiempo
de relajacién) del HEMA — DR13. Adicionalmente se hace un estudio de la respuesta de la sefial en funcion de
la potencia de excitacion y de la temperatura del material logrando obtener la relacidn que existe entre estas
variables v la intensidad de la birrefringencia.

Palabras clave: Absorcion por dos fotones, Birrefringencia fotoinducida, Azopolimero.
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1. Introduction

The phenemenon of photo isomerization the azocompounds
have been studied for several years [7] with the aim of fin-
ding ever more effective [2,3]materials and with a much fas-
ter response photosensitive, so they can be used in photonic
technologies, storage and temporary[5]. That is why a study
of birefringent properties of azopolymer 2-hydroxyethyl-
methacrylate and 4 - [Nethyl-N-(2-methacryloxy-ethl)]-
amino-2’-chloro-4’-nitro-azobenezene (HEMA - DRI3)
through phote isomerization reversible Trans - Cis - trans
birefringence can be induced in azopolymer linearly polari-
zed light using low power, this causes the photo orientation
of the chromophores in the material causing a change in the
dipole moment of these, by means of a lateral movement
mechanism, now called inversion mechanism. Chromopho-
res rotate in a free volume perpendicular to the applied ex-
ternal electric fleld. The induced birefringence is through
photo isomerization Trans - Cis — Trans[1,3]. Applying an
external electric field generated by a laser beam is achieved
by this process.

2. Material and Methods

Synthesis HEMA DR13 samples obtained from crystalliza-
tion method by solvent evaporation of two monomers which
were, tris (2-hydroxyethyl) isocyanurate triacrylate {(mono-
mer A) and ethoxylated (6) Trimethylol propane triacrylate
(Monomer B) acts as the first generator in material hard-
ness, while the second is responsible for reducing the rigid
clumps in the mixture, the mixture was added disperse Red
13 (DR13) which provides mobility as the photosensitive
compound. The mixture was dissolved in ethanol, an inert
solvent in the reaction of the monomers A, B and DR13, the
mixture generated a viscous dark red and is deposited on a
glass substrate subsequently processed samples were expo-
sed to a temperature approximately 70 C in an atmosphere
saturated with the same solvent. Once developed HEMA
DR13 samples proceeded to perform the experimental se-
tup which allowed induce birefringence in that azopolymer.
Figure | shows a diagram of the experimental setup used tao,
measure the photo-induced birefringence [3,6].

The experimental setup for measuring the birefringence
comprises two lasers, laser He - Ne linearly polarized, whose
wavelength is 632.8 nm and 1 mW of power, in our descrip-
tion we call this, the read laser and which is responsible for
verifying the polarization state of the chromophores of the
polymer network of HEMA - DR13. Moreover laser used a
medium power Nd: YAG linearly polarized with a waveleng-
th of 532 nm power of 100mW, this is the writing laser or la-
ser excitation chromophores which react to the field applied

electric and thereby inducing birefringence in the-material.
Figure 1 show the experimental arrangement used.
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Mucstra

Detector

Polagzador -45¢

Polarizador 90°

. Mcdidor de potencia

Detector

He - Ne

Polarizador -45*

Paolarizador +45°

Figure 1. Experimental scheme to measure the birefringence
induced in samples HEMA - DR13

Two crossed polarizers are each responsible for controlling
the amount of light reaching the photodetector, sign azopoly-
mer interposing between the two polarizers, which is verified
is the state of the photo isomerization in the chromophores
found in the sample (Figure 1). When the excitation laser
is turned on and calibrated to a determined power, is inci-
dent on the sample, taking into account that the writing laser
beam must have a polarization of 90 to the incident read laser
beam. Note that this difference in the angle of the polarizers
must be in a relationship of 45 to the writing laser and -45
to the reading laser. This is because chromophores exhibit a
maximum in the intensity of the transmitted signal when the
angle of polarization of the writing laser is 45 or -45.

The experiment was conducted at a temperature of 24C finds,
which was the ambient temperature at which the experiment
was developed. At the time the writing laser is not incident
on the sample of azopolymer, do not get any signal from the
reading laser.

3. Results

At the time of the writing laser light with a power of 4.5
mW, begins the process of photo isomerization in the sample
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of HEMA - DR13. When the writing laser impinges on the
material of the polymeric network chromophores begin to
orient perpendicular to the external electric field by changing
the dipole moment of the chromophores and thus changing
the polarization state of laser beam that passes through the
sample. In Figure 3, the signal is observed photoinduced bi-
refringence for a sample of HEMA - DR13 containing 70%
by weight of monomer A and 30% by weight of monomer
B. The duration of the writing laser incident on the sample
was 15 minutes, was withdrawn When excitation source, the
duration of the signal acquisition to photo isomerization Cis
- trans was also 15 minutes. In figure 3 shows an increase in
the transmitted signal as chromophores change state Cis to
state Trans photo isomerization the first stage of Trans - cis.
Then when the chromophores are at a maximum value of
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Figure 2. Photoinduced birefringence curves for the HEMA -
DR13. a) Signal transmission reading laser in the process of photo
isomerization Trans - Cis - Trans, for excitation power of 4.5 mW.
b) Signal transmission reading laser in the process of pheto isome-

rization Trans - Cis - Trans, for excitation power of 4.2 mW.

orientation is removed, the excitation source thermal photot-
somerization starting Cis - Trans.

In the figure 2 is induced birefringence for excitation power
of 4.5 mW and 4.2 mW respectively, showing the same be-
havior but with deference in the maximum signal obtained
for each. The variation of the excitation power is shown in
figure 3.

T4 1 ' 1 A ' L i i i X

—62mW B
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aasasmns 3 5 VY
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Figure 3. Curve of the induced birefringence in HEMA - DR13
for different excitation powers an Nd: YAG.

Model using the bi-exponential function, which describes
the transmission of the induced birefringence as

T=A[ —exp(-t/)] + 4,11 - exp(—i/7 )]
for excitation and relaxation
T=A4, {exp(—t/t,)] + A, [exp(—t/)]

results were adjusted experimentally to obtain the charac-
teristic times of HEMA - DR13. Settings function mode! bi
- exponential shown in figure 4.

Figure 4a shows the results obtained in the process of photo
isomerization Trans - Cis, where the black line represents
our experimental curve, while the color represent bi expo-
nential function for different characteristic times. Then in
Figure 4b shows the process that occurs when we remove
the write laser, it shows the experimental curve (blackline)
against bi function curve - exponential relaxation process. In
Table 1 the data from Figure 4 are shown.
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Figure 4. Show the relationship between the model
function bi - exponential with theoretical curves obtained
experimentally. a) Process photo isomerization Trans - Cis.
b) Photo isomerization process Cis - Trans.

Table 1. Shows the parameters that describe the phenomenon of
Trans Cis Trans photo isomerization, through bi function - expo-
nential for HEMA -DR13.

Af Tf As TS s
Excitation .57 30 0.3 30

Relajation 0.47 19 04 250

4. Conclusions .

Was synthesized samples azopolymer HEMA - DR13, by the
method of deposition by evaporation of the s olvent, and that
the samples were of excellent quality. Additionally, an expe-
rimental setup was achieved high accuracy to obtain the cur-
ves of HEMA - DR13, so that it could make variations in the
excitation power and reproduce easily bends. Further expe-
rimental data were compared with the model of the function
bi - exponential, where comparing the different data and thus
to obtain the characteristic times of excitation and relaxation
for the HEMA - DR13. Achieving establish the model of bi
exponential function as an effective model for describing the
photo isomerization azoaromatics molecules, By varying the
excitation power is able to observe the strong dependence of
the excitation power with the birefringence induced in the
material, this indicates that we can control the intensity of
the signal by means of this variable. Thus allowing for the
HEMA - DR13 is a photosensitive material and capacity to
be used as information storage device.
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PHYSICS

TRANSPORT PROPERTIES OF HOT PRESSED
B — Zn,Sh, COMPOUNDS

PROPIEDADES DE TRANSPORTE DE COMPUESTOS S — Zn Sb
PREPARADOS POR EL METODO DE PRENSADO EN CALIENTE

Monica Morales*®, Jorge 1. Villa*, Julio E. Rodriguez*

Abstract

Morales, M., J. L. Villa, J. E. Rodriguez: Transport properties of hot pressed B — Zn,Sb, compounds. Rev.
Acad. Colomb, Cienc., 37 (1): 31-35, 2013. ISSN 0370-3908.

Single phase f — Zn4Sbs samples were prepared by using hot pressing method. Their structural and
morphological properties were studied by x-ray diffraction analysis (XRD} and Scanning Electron Mi-
croscopy {SEM), respectively. The transport properties were obtained from Seebeck coefficient 5(T") and
electrical resistivity p{T") measurements between 100 and 290K. 5(T) shows positive values suggesting
a p-type material, its magnitude increases with the processing time, reachmg maximum values close to
270uV/ K. The electrical resistivity measured by four D.C. probe method, increases with processing time,
however its magnitude is less than 9mf2 — cm. We observe an order-disorder transition in the transport
properties around 240K, which is a characteristic property of pure single crystals of § — Zn4Sh;. From
S(T) and p(T") experimental data we calculate the thermoelectric power factor PF, this performance
parameter reaches maximum values close to 10uW/K? — cm, which makes this kind of compounds
promising materials for thermoelectric applications.

Keywords: Zn4S8b; compounds, Thermoelectric materials, Hot pressing method.

Resumen

Muestras monofdsicas de § — Zn,Sbs fueron preparadas por el método de prensado en caliente.
Sus propiedades estructurales y morfolégicas se estudiaron mediante andlisis de difraccidn de rayos-X
(DRX) y microscopfa electdnica de barrido {SEM), respectivamente. Las propiedades de transporte se
estudiaron a partir de mediciones de coeficiente Seebeck 5(T} y resistividad eléctrica p(T), en el rango de
temperatura entre 100K y 290K. S(T) muestra valores positivos sugiriendo un material tipo-p, su mag-
nitud se incrementa con el tiempo de procesamiento alcanzando valores méximos cercanos a 270uV/ K.
La resistividad eléctrica se incrementd con el tiempo de procesamiento. Sin embargo su magnitud fue
en todos los casos menor que 9m — cm. En las propiedades de transporte se observé una transicion
del tipo orden-desorden a temperaturas cercanas a 240 K, esto es una caracteristica tipica de materiales
monocristalinos de 8 — Zn,8bs . A partir de los datos experimentales de S(T) y p(T') se calcul6 el fac-
tor de potencia termoeléctrico PF, Este pardmetro de rendimiento alcanzé valores maximos cercanos a

Departamento de Fisica, Universidad Nacional de Colombia, Bogota.
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10uW/ K2 — em, lo cual convierte esta clase de compuestos en materiales prometedores para aplicaciones
14 P P P 1%

termoeléctricas.

Palabras clave: Compuestos de Zn4.S5b;, Materiales termoeléctricos, Método de prensado en caliente.

1 Introduction

Over the past years, much interest has been fo-
cused on the search for new thermoelectric mate-
rials driven by the need for more efficient materi-
als for electronic refrigeration and power genera-
tion [1, 2].

Efficient thermoelectric devices require the devel-
opment of new materials that combine high ther-
moelectric performance, low cost and high chem-
ical stability. The thermoelectric performance is
characterized by the figure of merit, Z7". This pa-
rameter is a direct function of the transport prop-
erties and is given by the expression [3, 4]: ZT =
52T /pr, wherte & is the total thermal conductivity,
S the Seebeck coefficient, p the electrical resistivity
and T the absolute temperature.

The Zn45b3 compound is a promising thermoelec-
tric material due to its high figure of merit val-
ues, which is a result of its particular low thermal
conductivity and high Seebeck coefficient values
[4,5, 6]

For Zn45b; compounds three structural modifica-
tions are known: a—, 8— and v — Zn4Sbs which are
stable below 263K, between 263/ and 765K and
above 765K, respectively. Due to it, the production
of single phase Zn45b; samples involves compli-
cated processes|7, 8].

In this work we report on the study of transport
and thermoelectric properties of 8 - Zn4Sbs com-
pounds prepared by hot pressing method.

2 Experimental

From high purity zinc and antimony powders
(Merck 9.999%), the hot pressing method was used
to prepare 8 — ZnySby samples. These compo-
nents were thoroughly mixed in a ball mill during
40 hours, then the mixture was heated for 5 hours
at 300°C, 400°C and 450°C, under a pressure of
50M Pa.

Electrical resistivity and Seebeck coefficient data
were obtained by using the standard D.C. four-
probe method and the differential technique, re-
spectively. Additionally, the structural and mor-
phological properties of the samples where studied
by XRD and SEM analysis, respectively.

3 Results

Morphological properties of the studied samples
can be seen in the Fig. 1, it is possible to observe
samples highly dense, with compact grains with-
out a defined shape and size.

Figure 1: SEM micrographs of Zn4.Sbs polycrystalline samples grown by hot pressing method.
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The x-ray diffraction analysis shows samples with
B— Zn4Sbs phase which has a rhombohedral (Hex.)
crystal structure, of space group R3¢ and unit cell
dimensions @ = b = 12.237(1)4, ¢ = 12.446(5) A
and v = 120.8°. Small quantities ZnZb have been
observed in the samples, which decreases with the
processing temperature (see Fig. 2).

[ znsb

20 30

e (-Zn,Sh,

40
2 ®(Deg.)

The behavior of electrical resistivity of Zn4Sbs
compounds corresponds to that of poor metals or
heavily doped semiconductors [9]. The magnitude
of p(T') increases with the temperature and the an-
nealing temperature (see Fig. 3a). p{T") shows max-
imum values close to 9m{ — cm in the case of the
sample annealed at 450°C.

300G

50 60

Figure 2: Room temperature powder x-ray diffraction patterns of Zn4Sb; samples.
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Figure 3: Temperature and annealing time dependence of electrical resistivity [a] and Seebeck coefficient[b]

of polycrystalline Zn,Sb; samples.
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Figure 3b shows the temperature behavior of See-
beck coefficient. S(T) is positive throughout the
studied temperature range indicating a p-type con-
duction. The magnitude of S(T) increases with
the temperature reaching maximum values close to
270uV/ K.

Electrical resistivity and Seebeck coefficient show
pronounced discontinuities between 235 and 255K,
where the room temperature stable, disordered
B — ZnySbz goes to higher ordered o — Zn,Sbs
phase. The § to a phase transition is given by the
slight Zn deficiency of Zn4sShs with respect to its
ideal crystallographic composition Znj3S8big. It is
important to note that the magnitude of this transi-
tion increases with the temperature of processing,
that makes evident the increase of the quality of the
samples [10, 11].

Good thermoelectric materials are those that ex-
hibit high values of electrical conductivity and

Seebeck coefficient and low thermal conductiv-
ity. The electrical properties of a thermoelectric
material are evaluated through the thermoelectric
Power Factor, PF. It is a function of the mobil-
ity and the effective mass of the electrical carri-
ers. PF is expressed as [1] PF = $%/p, where
S is the Seebeck coefficient and p the electrical
resistivity. From Seebeck coefficient and electri-
cal resistivity experimental data the thermoelectric
power factor was calculated. PF increases with
the temperature, reaching maximum values close
to 10uW/K? — cm, for the sample annealed during
five hours at 450°C. The values of PF exhibited
by these samples suggest that Zn4S5b; compounds
can be prepared by using the hot pressing method.
This method avoids both the oxidation and the
segregation of Zn and Sb, which are serious prob-
lems in the preparation of this kind of compounds. _
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Figure 4. Thermoelectric power factor (PF = 5§%/p)

as a function of temperature of Zn,Sbs samples.
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4 Conclusions

By using the hot pressing method was possible to
prepare single phase § — ZnySby samples. It, in
all the studied samples, exhibit high Seebeck coef-
ficient values and an electrical resistivity with max-
mum values less than 9mQ — em . From See-
beck coefficient and electrical resistivity was pos-
sible to calculate the thermoelectric Power Factor
it in the case of the samples prepared at 450°C,
during 5 hours, reaches maximum values close to
10pW/ K2 — em.

An order-disorder transition was observed in the
transport properties close to 240K, which is associ-
ated with a reduction of symmetry between 3- and
a-ZnySbhy phases. This transition is a typical fea-
ture observed in pure single crystals 8 — Zn,Sb3
samples.
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PHYSICS

GRATZEL TYPE-SOLAR CELLS SENSITIZED WITH SOME
COLOMBIAN’S DYES.

CELDAS SOLARES TIPO GRATZEL SENSIBILIZADAS CON
COLORANTES COLOMBIANOS

Eduardo Perez’, Kiara Montalvo’, Maria Acufia*, Tomis Rada’ , Florian Buchholz”™

ABSTRACT

Perez, E., K. Montalvo, M. Acuiia, T. Rada, F Buchholz. Griitzel type-solar cells sensitized with some
Colombian’s dyes. Rev. Acad. Colomb. Cienc., 37 (1): 36-39, 2013. ISSN 0370-3908.

In the present work we want to show some progress related to the effects of two colombian’s natural dyes in
the sensitized solar cells (Gritzel type). The dyes used are achiote and blackberry, which are used to develop a
photochemical process that mimics photosynthesis. The use of sensitizers in conjunction with nanocrystalline
oxide semiconductor films (Ti(jz) permits to increase the absorption of sunlight. Raman spectroscopy technique
has been used to characterize the achiote. They show that the samples have a strong fluorescence in the range
between 640 and 800 nm, and this fluorescence is very sensitive to the laser power. After the construction of the
solar cells, the efficiencies determined are around 0.13%, in the best of our cases.

Key words: Dye-sensitized solar cells; Nanocrystalline oxide semiconductor films; titanium dioxide Ti0,.
Bixa Arellana

RESUMEN

En el presente trabajo se muestran algunos logros relacionados con los efectos de dos colorantes natusales co-
lombiano en las celdas solares tipo Gritzel. Los colorantes usados son achiote v mora de castilla, los cuales son
usados para desarrollar un proceso fotoquimico que asemeja la fotosintesis. El uso de estos sensibilizadores en
unién con peliculas nanocristalinas de un 6xido semiconductor (TiO,) permite incrementar la absorcion de luz
solar. La técnica de especiroscopia Raman se ha usado para caracterizar el achiote. En los espectros se observa
que las muestras tienen una fuerte fluorescencia en el rango entre 640 y 800 nm, la cual es muy sensible a la
potencia del Iaser. Después de construidas las celdas solares, la eficiencia obtenida esta alrededor de 0,13% en
el mejor de nuestros casos hasta ahora.

Palabras claves: Celdas solares Sensibilizadas por colorantes; Peliculas de éxido semiconductor nanocrista-
linas; TiO,. Achiote
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* Technische Universitat Berlin, Berlin, Germany
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1. Introduction

Chemists and physicists have been interested for long time
in the harnessing of sunlight to convert the light directly into
electrical energy. A seminal work driven by B. O'Reagan
and M. Graetzel, 1991 [1] showed that the application of
dye molecules harvest the sunlight, with an additional inter-
esting feature which is the low-cost. The study of this type of
solar cells in Colombia has an important role because of two
main aspects; one is Colombia’s location near the equator
with a high solar radiation throughout the entire year and se-
cond for the diversity of fruits and plants that we have here.

Typically, Dye Sensitized Solar Cell (DSSC) devices consist
of two substrates of glass that are coated with a thin con-
ductive layer (in this investigation it was used glass with
fluorine-doped tin oxide (FTO)) that serve as basis for the
electrodes. On the anode a layer of the mesoporous semicon-
ductor is applied (nanoparticles of titania-oxide, TiO,) and
on the cathode (or counter electrode) a layer of a catalytic
conductor (in this case carbon). In between the electrodes
the sensitizing dye and a solution with a redox couple (in
this case iodide/tritodide) is positioned. Two dyes were used:
Achiote (Bixa orellana) and Blackberry (Rubus glaucus or
mora de castillay with several concentrations in ethanol and
water.

For maximal power output a solar cell is operated at the so
called maximum power point (P, ,.}. The efficiency n of the
solar cell is defined by the following equation (1}:

stee” Tngep P (1

Where P, is the solar power input into the solar cell (SC)
and U, and I are voltage and current at maximum power
point. For detecting the MPP (maximum power point) it is
necessary to measure a so calted I'V-curve that is the graph of
current as a function of voltage and calculate the product of
both values. In order to have a main idea of the quality of the
cells and also for deeper knowledge about other parameters
of a cell, the open-circuit voltage and short-circuit current
are important parameters. They are connected with P
through the following equation (2):.

=P, ../P =(U

PMPP:UMPP MPP U ISC=5=P‘F (2)
Where FF is the so called fill factor, which is defined as the
ratio of U, ;. *1, ./ U,

2. Samples preparation

Two native dyes were used: Achiote and Blackberry. The
dye of Achiote needs to be extracted from the shell of the

seeds, thus it is not possible to just crush them. We did it
in two different ways without noticeable differences in the
results. First we took 10 g of fresh seeds in 10 ml of ethanot
and stirred for about 20 min until an homogenous color was
observed. Then it was heated up until powder was extracted
and ethanol evaporated. Next we mixed 1g of Achiote pow-
der with 10 ml of ethanol. The second way was to mix 10 g
of Achiote with 10 ml (1:1 proportion or 50% for us) or 10
g of Achiote with 20 ml of ethanol {1:2 proportion or 25%
for us), then we stirred for 20 min and finally we filtered the
mixture to get rid of many solid particles. The fresh black-
berries were smashed without water (100%) and 20 g mixed
with 20 ml of water (1:1 proportion or 50%). We explore
other proportions but good results came only from the pre-
viously mentioned.

As support for electrical contact in the SC, glass with a tin
film of FTQ was used both at the photoanode and the coun-
ter electrode. The glasses pieces are of approximately 2 x 2
em?, the counter electrodes had to be drilled two times for
the injection of electrolyte. All pieces were cleaned through
the following procedure: Primary each piece was wiped ca-
refully with a soft sponge using tapped water, then rinsed
with deionzed water and stored in a bath of deionzed water
until the fat-free glasses were put in an ultrasonic bath of
ethanof for some minutes to get rid of the last contaminating
particles.

For the photoanode, a ready to use paste of semiconducting
nanocrystalline TiO, from Solaronix (Ti-Nanoxide D} was
used in conjunction with Dr Blade technique for layers de-
positions. Working areas were of 1x] cm? or 0.5 x 0.5 e’
for smaller active areas. It is important to mention that the
deposition of titania on the transparent conducting oxide
(TCO} glasses is the most important part of the production
process because the homogeneity of the layer is crucial for
cell efficiencies. Primary masks of 1x1 em? (or 0.5x0.5 cm?
for smaller active areas) were cut into a stripe of adhesive
tape (Scotch 3M Magic # 810) with a stencil. The area of the
mask remained uncovered on-the conductive layer and the
paste was spread across the plate. For multilayers of Titania
two ot more layers of tape were applied (one layer of tape for
up to two layers of Titania). Sintering of every layer occur
in a programmable oven up to 450°C and leaving there for
20 to 30 min.

The sensitization of titanium dioxide by natural dyes consists
of soaking the titania electrode in mashed fruits or Achiote
solution. Complete staining can take from several minutes,
for Achiote solution, to several hours for blackberries mixtu-
te, while the dye molecules naturally adsorb onto the titania
particles. The longer the electrode soaks in the dye, the better
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dyed the titania will be. To remove the stained electrode we
rinse it carefully with water (for Blackberries) or ethanol (for
Achiote) and wait a few minutes for the ethanol to evapora-
te until the resulting stained titania looked homogeneously
dyed almost all over its surface. If not, put it back in to the
solution for further dyeing.

Properties of solar cell can be determined when it is under
homemade 10.9 mW/cm® (for most of the cases) halogen
illumination and tested using the standard silicon solar cell,
as published by Ali, 2010 [2].

ANODO ELECTROLITO CATODO
(Vidrio TCO + Titanio tinterade) (Vidrio TCQ + Capa Catalitica)

Figure 1. A picture of a full assembled SC in the left. In the right a
schematic SC under illumination is showed.

3. Results and discussions

There is little information regarding the physical and che-
mical properties of Achiote, therefore some Raman measu-
rements were made in order to identify the basic molecule.
According to the results the Achiote contains mainly caro-
tene molecule as shown in Fig 2. In addition, the Achiote
showed a strong fluorescence in the range from 640 to 800
nm, however this fAuorescence is very sensitive to the laser
power.

Measwred spectrum

Reference specirum of ,l
carctene (Spectrat ID) J

Figure 2. A Raman spectrum of Achiote match with a reference
spectrum of carotene. Courtesy of Aphélie Lancry from HORIBA
Jobin Yvon SAS and S&S Ingenierfa Colombia.

3.1 Current-voltage measurements

Several variables were explored in our approach to study
their effects in the solar cells construction ranging from dye
concentration, TiO, layer thickness and sizes of active areas.
In the table No. 1 we show the effect of layers number on the
[-V measurements of the SC using blackberry as sensitizing
dye. We considered that good results for the current were
obtained using either 4 or 6 layers with size of 1.0 x 1.0 cm?®.
However the voltage seems similar regardless the thicknes-
ses of titania layers: all measurements are above 400 mV.

Table 1: Parameters of SC with Blackberry.

Cell N° | Layers A (em?) UOC (mV) ISC (pnA)
89 2 1,0X1,0 450 47
73 3 0,5X0,5 419 39
84 4 1,06X1,0 440 74
82 5 1,0X1,0 440 14
79 6 1,0X1,0 427 64

For Achiote as sensitizing dye, in table No. 2, we observe
that the best results for voltage and current occurs with 6
TiO, layers with active area of 1.0x1.0 cm?®. The voltage va-
fues are also around 400 mV for any number of layers in our
range and the current is increased with layers.

Table 2: Parameters of SC with Achiote

CellN® | Layers | A{ecm® | UOC (mV) ISC (uA)
50 2 1,0x1,0 391 24
88 4 1,0x1,0 454 39
71 6 1,0x1,0 427.1 103.6
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3.2 Efficiency

The IV-characteristics curve and the performance values of
some of the best cells are demonstrated in Fig. 3 and Tab. 3.
The best efficiency of 0.130 % was obtained using Achiote
and 6 layers of Titania, despite the very low fill factor of
32%. A calculation of the best cell with smaller area (No.74),
with a fill factor of 49,8 % showed a very similar efficiency
of 0.118%. These are close to the 0.22% reported by Ali,
R.A.M.& Nayan, N, 2010.[2] for Dragon Fruit and 0.42%
and 0.56% reported by G, Galogero et al., 2012 [3] for Raw
Blackberry and Giacché Grape, respectively.

wsn Gl 61
100~ v+ +Cell 71
00 ‘. - = Cell 75

Current {(1A)

Voltage {mV)

Figure 3. I-V Curves of three different S€ under illumination
for P, . calculations.

Table 3: Parameters of SC including the efficiency

No. 61 71 75 74
Dye BB 50% | Achiote | BB50% | BB50%
layers 4 6 4 4
A(cm?) 1,0x1,0 1,0x1,0 0,5%0,5 0,5x0,5
T (mW/cm?) 21,6 10,9 10,9 10,9
Uoc (nV) 416,0 4271 398,8 405
Isc (mA) 60,5 103,6 4472 64
FF 41,8 % 32,0% 49,8 % 49,8 %
Efficiency 0,052% ¢ 0,130% | 0,080% | 0,118%

4. Conclusions .

Two Colombian’s native fruits, Achiote and Blackberry (also
known as Mora de Castilla), are used in the fabrication of
DSSC as sensitizers. Both dyes have showed a relatively
good efficiency (0.130% and 0.118%) and performance un-
der controlled illumination. Exploring some variables, we
have found that the greatest enhancement was achieved by
increasing the number of titania layers, through the Dr Bla-
de preparation. In our case 4 layers of Ti(, for Blackberry
and 6 layers of TiO, for Achiote are the best semiconductor
thickness.

Another important aspect is related to the voltage and cu-
rrent values. In general, voltage values are relatively stables
and are around 400 mV, while the current is directly affected
by active area and the quality of TiO, deposition. We found
for Achiote that the 1.0 x1.0 cm? is good size, however for
Blackberry a smaller area works better. We can reasonably
conclude that reducing the size of the active area improved
the efficiency significantly, especially the fill factor.
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THE INFLUENCE OF PRESSURE ON THE STRUCTURAL AND
ELECTRONIC PROPERTIES OF Bi

INFLUENCIA DE LA PRESION SOBRE LAS PROPIEDADES
ESTRUCTURALES Y ELECTRONICAS DE Bi

G. Patricia Abdel Rahim™"”, Jairo Arbey Rodriguez Martinez™, Maria Guadalupe Moreno-Armenta™

ABSTRACT

Abdel Rahim G. P, I. A. Rodriguez Martinez, M. G, Moreno-Armenta: The influence of pressure on the
structural and electronic properties of Bi. Rev. Acad. Colomb. Cienc., 37 (1): 40-43, 2013. ISSN 0370-3908.

Calculation of the structural and electronic properties of Bi was carried out in the framework of density functio-
nal theory (DFT). The graphs of energy vs. volume for some possible structures show that the most stable one
is the rhombohedral; the others are metastable. We also found two phase transitions induced by pressure. The
most important result of this research is the prediction about the existence of FCC structure of Bi at higher pres-
sures than ~3GPa. The electronic properties for the rhombohedral structure show that our calculations are in
overall good agreement with other calculations. This agreement serves to validate the pseudo Bi.pbe-dn-kjpaw.
UPF. Therefore, the above-mentioned is suitable for use in future calculations.

Key words: Bismuth, structural and electronic properties, wien2k, quantum-espresso, thombohedral structure
RESUMEN

Se realizaron calculos acerca de las propiedades estructurales y electronicas del B en el marco de la teoria DFT.
De los gréficos de energia contra volumen se hallé que la estructura més estable es la romboedral; las demsds
son meta estables. También encontrames dos transiciones de fase provocadas por presién. Nuestro principal
hallazgo es la existencia del Bi en la fase FCC para presiones supericres a 3GPa aproximadamente. Nuestros
resultados de las propiedades calculadas estin en muy buen acuerdo con otros cilculos y con mediciones
experimentales. Esta concordancia nos sirve para validar el pseudopotencial Bi.pbe-dn-kjpaw.UPF para otros
calculos futuros.

Palabras clave: Bismuto, propicdades estructurales v electrénicas, wien2K, quantum-espresso, estructura
romboedral,
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Introduction

Bi is interesting because its surfaces, such as Bi(111),
Bi(110), and Bi(100), are an open door for use in nanote-
chnology. Because Bi’s surfaces are quasi-two-dimensicnal
metals with peculiar spin properties, Bi could be used in both
spintronics and quantum computing as a Spin source or a spin
filter [1]. Due to the fact that its importance in nanotechno-
logy is rising [2], here we present the first step of a wider
investigation that comprises volume, surfaces, absorption of
atoms, and interfaces with other materials such as graphene
or MgO. Bi has been studied in thin films, nanowires and
clusters [3]. In the present paper, we carried out calculations
of energy as a function of volume for several structures such
as diamond (#227), NiAs-like (#194), FCC-like (#225), Cu-
bic Simple-like (CS, #221), and rhombohedral (R-structure,
#166). From these graphs, we deduce that the most stable
one is the R-structure and that the others are metastable, and
finally there are two phase transitions induced by pressure.
After that, we present the electronic properties.

Bi is semi-metallic and has an R-structure with a=4.746 A,
a=57.23° (300K) [1]. Because o= 60°, and this value defines
the cubic structure, other cubic and hexagonal phases such
as the NiAs-like were included, because they are close to it.
Taking into account that at room-temperature Bi exhibits a
phase transition toward monoclinic at about 2.55 GPa and
after that it changes, at about 2.7GPa, to tetragonal and fina-
lly reaches a body-centered cubic structure, at ~ 7.7 GPa, we
searched for other phase transitions and in fact found some
of them. The study of this had not been done before our re-
search. All calculations were carried out in the framework of
DFT, with spin polarization using W2k [5] and QE [6]. This
task was also done in order to validate the pseudo Bi.pbe-dn-
kipaw.UPF, which we obtained from Theos-Theory and S5i-
mulation of Materials’s pseudo library [7]. The results show
that this pseudo is suitable for use in QE-calculations, becau-

Table 1. Cell parameters for Bi in hexagonal structure
space-group #166, *the method used in [1] is tight-binding
and in [4], [8] and [10] is interaction of X-Ray with matter.

Bismuth a (&) e(A) c/a
Ph. Hofmann [1} 4.5332 11.7967
C. Laulhé, et al. [4] 4.546 11.862
4.546 11.862
P. Cucka (298°K) (298°K)
and C. S. Barreit 8} 4.535 11.814
(78°K) (78°K)
TN. ' 4,5452 11.860 2.609
Kolobyanina, et al. 10] | (298°K) (298°K) (298°K)

se the resulis are in a good agreement with those obtained

- with the all-electron full-potential (linearizedj augmented

plane-wave ((L)APW) + local orbitals (lo) method, which is
implemented in the W2k code and other calculations. Table
1 shows some parameters found in the scientific literature
which served us for the sake of comparison.

Calcutation details: Parameters used in wien2k
and quantum-espresso

In calculations with W2k, we used the GGA approx. in
the parametrization of Perdew, Burke y Ernzerhof (PBE)
[11]. Muffin-tin radius was R = 2.65 a.u., and R, X
K _.=8.0,where K__limits the maximum kinetic energy
for plane wave base. For the base of spherical harmonics
Y, ., weusedl = 10. The convergence criterion for the
energy was 0.0001 Ry. In QE-calculations, we also used
GGA-PBE approx. with 45 Ry as the energy cutoff, and
the charge density cutoff was 450 Ry. The convergence
was 0.0001 Ry.

Results

Fig. 1 shows the dependence of cohesion energy as a
function of volume for several structures. These results
are very similar for calculations carried out with W2k
and QE. All phases are metastable because they all have a
minimum, and the most stable one is the R-structure. The
values of a and ¢ are in a good agreement with those in
[1] (~ 1% for a and ~ 2% for ¢). Fig. 2 shows the enthalpy
calculated from the data of energy vs. volume. One can
observe that there are interceptions at ~ 3 GPa, because
there are two phase transitions induced by pressure. One
is from FCC to CS, and the other is from NiAs to the CS
phase. We predict a new structure for Bi: FCC; from that
phase it would be possible to reach the CS phase.

In the transitions the volume reduces by about 12%, from
67 A3 to 60 A, The minimum of the energy of the FCC
and the NiAs-like differ by only 0.11 eV and 0.18 &V
by unit formula, respectively. The structural parameters
obtained by means of W2k are shown in Table 2. Cal-
culations performed with QE resulted in a=4.5651 A, ¢/
a=2.5327, and volume V=52.170 A®. These parameters
differ by only.0.7% and 2.7% from those in [1] in a and
the quotient ¢/a, respectively. With the R-structure, we ob-
tained a=4.7043 A and V=70.058 A®. The Bi atoms were
freed during the relaxation process in QE, and the final
coordinates were (0.54, 0.54, 0.54) and (0.0067, 0.0067,
0.0067). Other parameters were a= 57.890° and d,/d, =
0.86. Comparison with [1] shows that o and d1/d2 differs
by only 0.95% and 2.23%, respectively.
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Figure 1 Energy vs. volume for several phases

Table 2. Structural properties of Bi calculated with W2k.
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Figure. 4. Bands of Bi in R-structure calculated using QE-code

Summary and conclusions

Calculations of the structural and electronic properties of Bi
were carried out in the framework of DFT using two codes;
W2k and QE. From the graphs of the energy as a function
of volume, in several possible structures, one finds that the
most stable is the R-structure. The other structures conside-
red are metastable, and one also finds two phase transitions
induced by pressure. The first is from FCC to CS, and the
other is from NiAs to the CS. Our main conclusion is about
the prediction of the phase FCC of Bi at higher pressures
than ~3GPa. The electronic properties for the R-structure
show that our calculations are in overall good agreement
with other calculations. This agreement serves to validate the
pseudo of Bi that we obtained from the QE pseudo library.
Therefore, the pseudo mentioned is suitable for use in future
calculations.
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MAGNETIC TRANSITION OF YTTERBIUM ATOMS CONFINED
IN OPTICAL SUPERLATTICE WITH LOCAL FERROMAGNETIC
INTERACTION

TRANSICIONES DE FASE MAGNETICA DE LOS ATOMOS DE ITERBIO
CONFINADOS EN UNA SUPERRED OPTICA CON UNA INTERACCION
LOCAL FERROMAGNETICA

Diego-F Ramirez’, R. Franco®,, J Silva-Valencia®

ABSTRACT

Ramirez Diego-F, R. France, J, Silva-Valencia. Magnetic transition of yiterbium atoms confined in optical
superlattice with local ferromagnetic interaction. Rev. Acad. Colomb. Cienc., 37 (1): 44-49, 2013. ISSN 0370-
3908. -

We used the density matrix renormalization group to study the ground state of ytterbium atoms (7'Yb) for the
Hund lattice model, where the delocalized atoms are confined in a one-dimensional optical superlattice and
his number is one third of the lattice sites. We found a paramagnetic-ferromagnetic quantum phase transition
for any vakue of the potential strength. The local critical ferromagnetic coupling decreases as the superlattice
potential increases.

Key words: Hund lattice model, ferromagnetic coupling, heavy fermions

RESUMEN

Nosotros usamos el grupo de renormalizacién de fa matriz densidad para estudiar el estado base de los dtomos
de Iterbio (17'Y'b) para el modelo de red de Hund, donde los atomos delocalizados son confinados en una su-
perred Optica unidimensional y son un tercio de los sitios de la red. Nosotros hallamos una transicién de fase
magnética paramagnetica-ferromagnética para algunos valores del potencial. El punto critico del acaplamiento
decrece cuando el potencial de la superred disminuye.

Palabras clave: Modelo de red de Hund, acoplamiento ferromagnético, fermiones pesados.
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1. Introduction

Ultracold atoms confined in an optical lattice (quantum simu-
lation) offer a clean and simple system for the experimental
investigation of quantum phase transitions. Bosonic [1] and
fermionic [2, 3] models, and the spin Hamiltonians [4] can
be controlled under novel conditions: dimensionality, inte-
ractions between particles through Feshbach resonances [5],
independent pericdic potential [6, 7] and different lattice to-
pologies [8]. Moreover, Gorshkov et al. [9] showed that pro-
perties of fermionic alkaline-carth-metal atoms confined in
an optical lattice allows the simulation of simple models, or
condensed-matter Hamiltonians, such as the Kugel-Khom-
skii model [10], SU(N) Hubbard chains [11] and the Kondo
lattice model [12, 13]. Motivated by these developments, we
analyze yiterbium atoms confined in an optical superlattice
using the Hund lattice model (HLM).

The Kondo lattice model (KLM) and its Hund lattice model
(HLM) counterpart are canonical models for studying the
interaction between a magnetic moment (localized) interac-
ting via a contact Heisenberg exchange J with the spin of
any conduction {delocalized} electron at each lattice site. For
these models, the one-dimensional and three-dimensional
ground-state phase diagram is determined by two para/me-
ters: the ratio of the exchange coupling to the hopping (J/ / 1)

, and the density of the conduction electrons #_; with strong
coupling the Kondo effect favors the singlet state, while with
weak coupling the RKKY interaction tends to stabilize a
magnetic order. Fig. 1 shows the phase diagram for the Hund
model with numerical results, with a localized magnetic mo-
ment S =1/2, analogous to the KLM [14]. At half-filled
n =1, characterized by a spin gap, the system exhibits a
spin-liquid phase [15]. The ferromagnetic phase exists abo-
ve the critical points (empty symbols). The phase beneath the
critical points is much less understood; Ref. [14] shows two
phases: the “spiral” phase characterized by two broad peaks
in the local spin-spin correlation function, and the *island”™
phase, characterized by the ferrimagnetic condition. Howe-
ver, for intermediate coupling, there is another ferromagnetic
state between the “paramagnetic” phase [16]. Moreover, Ref.
[ 17] analyzes the paramagnetic phase in the KILM with alkali-
ne-earth-metal atoms confined in an optical lattice. Based on
the latest literature, which motivates the present paper, we
assumed the “paramagnetic” term for this area.

For three-dimensional electronic structures, the KLM is
applied to heavy-fermions material (with greatly enhanced

effective mass), which exhibits an antiferromagnetic (AFM)
exchange, favoring the antialignment between localized and
delocalized particles. The HLM is applied to manganese oxi-
de perovskites, with a ferromagnetic (FM) exchange mode-
rated by Hund’s rule coupling; a strong coupling favors the
alignment of the three localized ¢, spins with the spin of
the e, conduction electron [23]. However, the experimen-
tal data of manganese oxide perovskites disagree with the
model [27].

s

20—

Ferromaguetic

Spin-liquid

“Isiand”

Figure 1. Magnetic phase diagrams of 1D Hund model.
The ferromagnetic coupling increases with the filling.
(Points taken from Ref. [14]).

Experimental investigation at low dimensionality in heavy
fermion systems, reproduces the conditions of the KLM
(Kondo effect vs. RKKY interaction) and offers the possibi-
lity of exploring the fundamental physics of the two-dimen-
sional system [18]. Analogous to the 2D one, the 1D KLM
and HLM will have a superlattice structure with nanofa-
brication techniques [19, 20]. However, to our knowledge
these systems are not realized in condensed-matter systems.
Nevertheless, it could be explored with the ytterbium atoms
confined in a one-dimensional optical superlattice. There-
fore, the new model has three parameters: the ratio of the
exchange coupling and optical superlattice to the hopping-
matrix element {J /¢ ,V /1), and the density of the deloca-
lized atoms (7). We analyzed a ground-state phase diagram
of the HLM, where the number of delocalized atoms is one
third of the system sites (# =1/ 3}, using the density matrix
renorrhalization group method DMRG [21].

‘We end this section with the features of the yiterbium atoms
and the optical lattice. Section 2 explain the Hamiltonian
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model. Section 3 shows the result for the HLM, and section
4 summarizes our results.

Recently papers [16, 22] have used the KLM to explored
the magnetic transition of ytterbium (Yb) atoms confined in
optical lattice. The stables isotopes of this element are 'Yb,
7Y, YD, 'Yb, 17Yh, Yb and 1Yb. For experimental
studies of the Fermi gases two fermionic isotopes are used:
"Yband " Ybwithnuclearspin / =1/2 and F =5/2 [11].
The first has two different internal states: f == F =1/2, then
2F +1=2. Hence, the "'Yb can be used to simulated the
KLM, which allows two degrees of freedom for each band,
either spin up or spin down [23]. Furthermore, the atoms
exhibits electronic state dependence: the metastable excited
state jPo and the ground state lSD , which posses no electron
spin and thus no hyperfine interaction with the nuclear spin.
Therefore, the nuclear spin strongly affects the interaction
solely between these atoms [24, 25].

Figure 2. (Color onling) HM plus a superlattice potential
for delocalized atoms.

The optical lattice is formed by the interference of two or more
laser beams. The electric field provided by the oscillating light
from a laser, interacts with the dipole moment in the atoms,
creating a trapping potential [26] V (x) ~ I'sin (2x/1) , Where
I isthe intensity and A the wavelength of the laser beam.
Therefore, the atoms can be trapped in a bright interference
pattern. Thus, independent storage associate with the ground ™
state 'S, (g) and transport associate with the metastable ex-
cited state "P (e) ate created, where the ytterbium atoms
can be trapped in two different optical lattice potential with
the same periodicity. Furthermore, it is possible to form pe-
riodic |D, 2D and 3D spatial structures and different kinds
of potentials can be constructed: harmonic, anharmonic and
superlattice. This last kind consists of a superposition of two
laser beams along the same direction with different wave-
lengths, obtaining different periodicities and potential depth

on the sites. In Fig. 2, the optical superlattice (red line} is
associate with the 'S, and the other optical lattice (blue line)
is associate to the 'P,,

2. Model

The separation and the deepth of the sites and supersites
{even and odd in Fig. 2) throughout the optical superlattice
define the interaction between the ultracold fermionic atoms
and give rise to strongly a correlated system, which can be
analyzed with the Anderson lattice Hamiltonian, the Hubbard
model and the KLM. If a short-range superlattice potential is
applied to this last model, the system can be simulated by
means of localized atoms (blue line, Fig. 2) coupled with the
delocalized atoms at the sites and supersites (red line, Fig.
2), where no interaction exists between them. Moreover, the
model may exhibit two cases for the coupling: the “Kon-
do” model with J <( (antiferromagnetic) and the “Hund”
model with J > 0 (ferromagnetic). In the present paper, we
analyzed the last case where the delocalized atoms are confi-
ned in a one-dimensional optical superlattice whose Hamil-
tonian has the form:;

I\'i‘ r » - l
€Ll 5°S,) M

The first term represent the kinetic energy of delocali-
zed atoms hopping between nearest-neighbor sites, where
e (é{ﬂﬂ)are the creation (annihilation) operators for one
atom at the site / with spin o’(=T,\L) and ¢ isthe hopping
amplitude. The second term represent the local Heisenberg
interaction, where J is the coupling Hund, ¢ is the Pauli
matrix and S,. is a localized spin operator 1/2. We assume
that 7 is setto 1.

The third term represents the one-dimensional optical su-
perlattice potential. Here, 7, , = cﬁ'za@m represent the local
density of the delocalized atoms. ¥ determines the optical
superlattice potential, being the difference between the odd
and even sites defined with two sites periodicity. In the pre-
sent paper, V=V ; therefore, ¥ =V for odd sitesand ¥ =0
for even sites (Fig. 2), which denotes the shift in the energy
levels for each site. When ¥, =0 Eq. 1 returns to the HLM

Hamiltonian.
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Since we study a one-dimensional many-body system in
the ground state, the density matrix renormalization group
method (DMRG) is applied in order to study the Hamilto-
nian (1), when the number of delocalized atoms is one third
of the localized atoms.

3. Result
T | T I ¥ l T I T
10 ﬁ a)
" ; | I=1, V=5
5 i
a -Mr'/ll K'\.“."""" Ea n ¥ 7 * T ;
# p 02 ' 04 06 ols ]
301‘— 5 4
T2 i J=2,V=5 ]
= i
10 -
0 'sn 4 i ! " L
100- Ofﬁ ' o4 f o NE
J=2, V=2
L m
a MY"")l \'\‘?"“" 1 A f T t
b 02 0,4 06 0.8
gqfm

Figure 3. (Color online). Spin structure factors of ytterbium (Yb)
atoms in a superlattice potential with lattice size £ =102, and
N =34 delocalized atoms, a} and c) represent a paramagnetic
phaseat J =1, ¥ =5 and J =2, V =2 .b) exposed a ferro-
magnetic phaseat J =2, V' =35.

The magpetic phase diagram of the KLM and Hund models for a
partially filled system has been calculated through the spin structure
factor [14], defined as the local spin-spin correlation function and
its Fourier transform. We used this argument for the same purpose,
which can be written as:

e
S(q)=E§€q° O (s7-s) @

L represent the lattice sites and S, =2u ¢ o.c

SR N ] +Sj iS the
total spin at the site j (Fig. 2). When Eq. 2 shows a peak’at
g =0, the system indicates an alignment of the total spin or

ferromagnetic state. The paramagnetic state exhibits a maxi-

mum at a g-value between 0 and 7.

The Hund model for the case n=1/3exhibits a ferro-
magnetic phase at J =5 (Fig. 1), which is highlighted for
a maximum value or peak of S{g)at g =0. However, we
observed this phase at J =5 when the model is subjected
to a superlattice potential. This can be seen in Fig.3b, in
which we consider J =2 and ¥ =35, for L =102 sites and

m = 200 states per block. The confinement of the delocal-
ized atoms at the odd sites increases with the potential, re-
ducing the tunneling and the kinetic energy and favoring lo-
cal ferromagnetic coupling.

If the local ferromagnetic coupling is fixed and the potential
decreases, we expect that the system will show a paramag-
netic phase when J =2. Fig. 3c shows the maximum spin
structure factor at ¢ ~ 0.2 for V' = 2, indicating that the sys-
tem evolves to a paramagnetic phase.

Now, we vary the ferromagnetic coupling and fix the poten-
tial. Comparing the figures 3a and 3b, the maximum value of
S(g) has a paramagnetic order at J =1 and a ferromagnetic
order at J =2, for ¥ = 5. This occurs by means of Hund’s
rule coupling, in which if J increased the delocalized atoms
force the localized atoms to align in the same direction fa-
voring the ferromagnetic phase. Therefore, the probability of
the delocalized atoms being aligned parallel to the localized
atoms at each site increases.

With Fig. 3, we conclude that the system evolves from a
paramagnetic to ferromagnetic phase, which can be tuned by
varying the local coupling or the potential strength.

The weight of the peak of the spin correlation S{g)__ repre-
sents the magnetic order of the system. In Fig.4a, the poten-
tial is fixed and the coupling changes. For J =1 (red line),
S(g),,. increases slowly and is finite at the thermodynamic
limit, indicating that the paramagnetic state is stable. For a
larger coupling (blue line), the maximum of the spin structu-
re factor increases as a function of the lattice size. For these
parameters, the system is in a ferromagnetic state; hence this
result indicates to us that the system remains in this state and
that the magnetic order is not due to the finite size effects.

Keeping in mind Fig 3, we explored several values of the
potential and the coupling, indicating a magnetic phase tran-
sition. In Fig 5, we change the potential, finding the points
of the coupling at which the transition occurs; in this figure,
we demonstrate the propagation of the ferromagnetic area
when the potential is increased. Furthermore, we analyzed
the situations when ¥ = 0. and ¥ — oo, The first case rep-
resents the HLM without potential, in which the transition
phase occurs at J 25 (Fig. 1). The critical point in Fig. 5 is
J (V' =0)=4.964£0.085, which is in agreement with the
previois result [19]. The second case indicates that the fer-
romagnetic phase can be obtained for low values of the cou-
pling, where the critical point at which the transition occurs
acquires a constant value.
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Figure 4. (Color onling) The peak weight S(g) a) for the ferro-
magnetic ./ = 2} and paramagnetic (J = 1) cases atV = 5.

Ferromagnetic
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Figure 5. (Color online). Magnetic phase diagram of Ytterbium
atoms for the Hund model with superlattice potential. The number
of the delocalized atoms is a third of the localized magnetic mo-
ment: n=1/3,

Conclusions

We considered the number of delocalized atoms to be one
third of the lattice size, and adopted the density matrix re-
normalization group technique to find the ground-state wave
function of the Hund model plus a superlattice potential. We
showed the magnetic phase diagram, in which the system
increases the ferromagnetic phase with the potential, while
the critical coupling decreases. This is caused by Hund’s rule
coupling, in which if the coupling is strong, an alignment of

the delocalized spin with localized spin exists, Furthermore,
the spin structure factor exhibits a ferromagnetic ordering of
the total spins if the coupling increases for any value of the
potential, favoring the ferromagnetic phase. Moreover, the
ferromagnetic or paramagnetic ordering is maintained at the
thermodynamic limit £ —
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PHYSICS

MORPHOLOGICAL AND STRUCTURAL ANALYSIS OF CERAMIC
MATERIALS COMPOSITE BY KAOLINITE AND ALUMINA

ANALISIS MORFOL()GICO Y ESTRUCTURAL DE MATERIALES
COMPOSITOS CERAMICOS DE KAOLINITA Y ALUMINA

AF. Guzmin’, D.A. Landinez Téllez”", J. Roa-Rejas™, F. Fajardo”.

ABSTRACT

Guzmén A.F., D.A. Landinez Téllez, J. Roa-Rojas, F. Fajardo. Morphological and structural analysis of
ceramic materials composite by Kaolin and Alumina. Rev. Acad. Colomb. Cienc., 37 (1): 50-34, 2013, ISSN
0370-3908.

In this work, we report the preparation, structural and electrical characterization, morphological analysis and
hardness measurements of ceramic materials composed of kaolinite AlL(51,0,)OH), and alumina ALO,. Sam-
ples were prepared from mixtires of precursor oxides starting with 100% alumina and increased the kaolinite
concentration on steps of 10% up to complete 100% of kaolinite. The samples were sintered by the method of
solid state reaction at temperatures of 1150, 1250 and 1350 °C. We found that the alumina samples are stable at
the different temperatures of synthesis, The samples of kaolinite at 100% suffer a change phase depending on
the sinterization temperature, noting that at 1350 °C yields 87% mullite and 13% cristobalite. The presence of
quartz was only detected in samples with 100% kaolinite for sinterization temperatures of 1150 and 1250 °C.
All samples with a mixture of alumina and kaolinite showed the presence of mullite, which is increased when
the content of kaolinite is high or when the sinterization temperature is increased. This allows us to infer that the
introduction of alumina optimizes the process of mullite formation by their reaction with the 510, that remain-
der from the kaolinite. The sample with 100% alumina has a Mohs hardness of about 5, and this is increased
with the content of kaolinite, until a Mohs hardness of about 6 to the sample with 100% kaolinite. The dielectric
constant of these materials is around 27.82,

Key words: Ceramics, kaolinite, mullite, alumina.
~3

RESUMEN

En este trabajo reportamos la preparacidn, la caracterizacion eléctrica y estructural, el analisis morfologico y
las medidas de dureza de materiales compuestos de caolinita Al (81,0)(0H), vy aliimina ALO,. Las muesiras
fueron preparadas a partir de mezclas de éxidos precursores iniciando con 100% de alimina, la concentracion

® Grupo de Estudio de Materiales, Departamento de Fisica, Universidad Nacional de Colombia, Bogotd, Colombia.
**  Grupo de Fisica de Nuevos Materiales, Departamento de Fisica, Universidad Nacional de Colombia, Bogota, Colombia. E-mail: Jroar@unal.edu.co
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de caolinita se fue incrementando en pasos de 10% hasta completar el 100%. Las muestras fueron sinterizadas
por el método de reaccion de estado sélido a las temperaturas de 1150, 1250 y 1350 °C. Se encontrd que las
muestras de alimina son estables a las diferentes temperaturas de sintesis. Las muestras de caolinita al 100%
sufren un cambio de fase dependiendo de la temperatura de sinterizado, encontrando que a 1350 °C se produce
87% de mullita y 13% de cristobalita. La presencia de cuarzo fue solamente detectada en muestras con 100%
de caolinita para temperaturas de sinterizado de 150y 1250 °C. Todas las muestras con una mezcla de alimina
y caolinita muestran las presencia de mullita, la cual se incrementa cuando ¢l contenido de caolinita es alto o
cuando se incrementa la temperatura de sinterizado. Esto nos permite inferir que la introduccion de alimina
optimiza el proceso de formacién de mullita debido a la reaccién del Si0, que sobra de la caolinita. La muestra
con 100% de alamina tiene una dureza Mohs de aproximadamente 5, y esta se incrementa con el contenido de
caolinita, hasta alcanzar una dureza de cerca de 6 para la muestra con 100% de caolinita. La constante dieléc-
trica de estos materiales es de aproximadamente 27.82.

Palabras clave: Ceramicos, caolinita, mullita, alimina.

1. Introduction

In recent years, the study of ceramic materials has been
particularly important because the stability of their mecha-
nical and physical properties at high temperatures which is
especially useful for technological applications (Aksay &
Dabbs, 1991). The development of research on ceramic ma-
terials is significant because, among other factors, the meta-
llurgical production worldwide has a projection to decrease,
which enables the ceramic to be an adequate substitute for
applications based on metals. In some cases the production
of ceramics have disadvantages such as large sintered-drying
time and high manufacturing costs that prevent processing
at industrial level (Heimann, 2010). One of the main diffi-
culties on the synthesis of ceramic materials is the use of
crucibles which remain chemically stable relative to the ma-
terial that is produced (Weber & Thompson, 1957). For this
reason, it is necessary o investigate methods to obtain cera-
mic materials in a controlled and efficient form, in order to
reduce processing time and costs.

In recent decades, research on alumina-silicate ceramic ma-
terials has increased especially on mullite. Studies on raw
materials, processing, heat treatment and mechanical beha-
vior, among others, have been reported (Carty, 1998). Some
of these studies have focused on the production of metakao-
lin in order to evaluate its performance as a function of the
mineralogical composition (48-97%) of kaolinite (Burgo3,
2008). Furthermore, various concentrations of kaolinite have
been tried at calcinations temperatures ranging from 700 to
1.600 °C for various heating times to examine the nuclea-
tion phenomenon of mullite; and mixtures of kaolinite have
been treated with additives like silicic acid and aluminum
hydroxide in order to achieve complete conversion to mulli-
te (Schneider ef al.,, 2008). Fabrication of mullite refractory
parts has been studied using some binders with aluminum
phosphate and chromium, in order to compare the results
with those obtained from commercial refractory mullite, clay

and alumina (Torres & Mejia, 2007). Moreover, investiga-
tions have been developed that seek to create ceramic molds
for use in some tests such as directional solidification of alu-
minum alloys; for which different concentrations of silica,
bentonite, kaolinite, feldspar and several process for drying
and thermal sintering were used {Rossini & Arazi, 1970).

In this work we report the synthesis and characterization of
structural, morphologic and hardness properties of ceramic
materials composed by kaolinite AL(Si,0,)(OH), and alumi-
na (Al,0,) using the solid state reaction procedure and X-
ray diffraction analysis (XRD), hardness measurements and
electrical response.

2. Experimental

Samples were prepared from precursor powder oxides of
alumina with substitutions of kaolinite from 0 to 100% (with
increments of 10%), which were pressed to form pallets of
2.5 em diameter. Samples were dried in air and sintered at
1150, 1250, 1300 and 1350 °C for 15 hs. Structural charac-
terization was carried out by using a Panalytical X-Pert PRO
MPD diffractometer with CuKa (1,540598 A). Refinements
of the experimental data were performed through the GSAS
and PowderCell 2.4 codes. From the X Pert Highscore se-
miquantitative concentrations of samples were determined.
Polarization curves were measured through a Radiant Tech-
nologies Polarimeter.

3. Results and Discussion

Figure 1 exemplifies the characteristic XRD results obtained
for several concentrations of kaolinite in the samples sinte-
red at 1350 °C. It can be seen that the intensity of the cha-
racteristic peaks of alumina (26 = 25.69, 35.16 and 43.43)
decreases depending on the amount of kaolinite present in
the samples. From the concentration of 20% kaolinite the
diffraction pattern reveal the appearance of the characteristic
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peaks of mullite (26 =16.47,26.91, 30.99 and 33.23) (Meng
& Peng, 2013). For kaolinite concentrations above 90% tra-
ces of cristobalite and quartz are identified in the same angu-
lar positions reported for sintering temperatures of 1100 °C
{Chen & Lan, 2000).
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Figure 1: XRD pattern for alumina-kaolinite samples sintered at
1350 °C for several concentrations of kaolinite.

Using the semiquantitative phase analysis for the samples
sintered at 1350 °C the weight percentage of the phases as a
function of the kaolinite concentration were found as shown
in Figure 2. It is observed that the weight percentage of cris-
tobalite and mullite increases with the concentration of ka-
olinite. For all the sintering temperatures used in this work
was determined that the weight percentage of cristobalite in-
creases when we going from 90% to 100% kaolinite, which
indicates that some percentage of the alumina reacts with
the cristobalite that is produced after the process of mullite
nucleation (Rossini & Arazi, 1970). The presence of quartz
was only detected in samples with 100% kaolinite for sinteri-
zation temperatures of 1150 and 1250 °C.

Also a systematical study of the effect of sintering tempera-
ture on the structure of the ceramics was performed as shown
in figure 3. Comparing the x-ray diffraction patterns of the
mixtures after the compaction and the sintering process is
observed the phase transformation from kaolinite to mullite.
Note the disappearance of the characteristic peaks of kao-
linite (20 = 12.41 and 24.97), result that is consistent with
those reported by other authors (Torres & Castelld, 2011).
Figure 4 shows the dependence of the weight percentage of
the different phases as a function of the sintering tempera-
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Figure 2: Weight percentage of the phases as a function of the
kaolinite concentration for the alumina-kaolinite samples sintered
at 1350 °C.
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Figure 3: Diffraction patterns of samples prepared at several
sintering temperatures for a) 20% and b) 80% of kaolinite. For
comparison the patterns of the powdered and compacted samples
before the sinterization process are also shown.
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Figure 4: Quantitative analysis of the weight percentage of the
phases as a function of the sintering temperature for
a) 20% and b) 80% of kaolinite.

ture, for the samples prepared with 20% and 80% kaolinite.
For the samples with 80 % of kaolinite was observed that as
the sintering temperature increases the mullite concentration
increases, which may be due to the presence of cristobalite.

Hardness analysis of these materials was performed by abra-
sive wear test. For this test we use an experimental setup
consisting of a rotating disk with oxide aluminum sandpaper
on the top that have 180 granules per square centimeter.

Figure 5 shows in a semi logarithmic scale the abrasive wear
as a function of the percentage of kaolinite used for the ma-
terial sintering at a temperature of 7350 °C. Notice how the
wear resistance of the material is improved as the kaolinite
concentration increases. This result can be explained as due
to the growth of the weight percentage of mullite and cristo-
ballite when the kaolinite concentration increases, as shown
in figure 2.
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Figure 5: Abrasive wear dependence as a function of the kaolinite
concentration. The sintering temperature of the material was 1350 °C.

From a comparative analysis with known hardness materials,
we found that the sample with 100% alumina has a Mohs
hardness of about 5 which increases with the content of kao-
linite, untif a Mohs hardness of about 6 for the sample with
100% kaclinite.
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Figure 6: Polarization as a function of the electrical bias field for
the sample with 50% of kaolinite, the voltage was changed from
200t0 800 V.

Table 1: Dielectric constant (¢ ) for each of the voltages used
on the measurement of polarization for the sample with 50%
of kaolinite. The values of the electric field (E) and the sa-
turation polarization (Ps) of hysteric curves are also shown.

Voltage E Ps

%) (VIm)y*10° (Chm?)*10? &

200 1.94 0.605 29.29
300 3.05 0.007 27.61
400 4.02 0.009 27.18
500 5.03 0.012 2729
600 6.01 0.014 27.78
700 7.01 0.017 27.72
800 7.99 0.019 27.90

Average g, 27.82

Figure 6 shows the graph of polarization as a function of
the applied field for the sample with a kaolinite concentra-
tion of 50%. In this graph are observed hysteresis curves by
applying a bipolar triangular signal from 200 ¥ to 800 ¥ with
100V increments. This behavior is evidence of a ferroelec-
tric-like behavior. From the saturation polarization a relative
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dielectric constant was obtained for each applied voltage, we
found an average of 27.82 as presented in table 1. We notice
that the value of the dielectric constant do not varies signi-
ficantly with the conceniration of kaolinite in the samples.

4. Conclusions

The synthesis and structural, morphologic, mechanical and
electrical characterization of mullite obtained from alumi-
na and kaolinite precursors were performed. Analyzing the
weight percent of the phases present was identified the for-
mation of secondary mullite as result of the transformation
of kaolinite in mullite and cristobalite. Hardness test showed
that the sintering temperature and the increasing of the kaoli-
nite coneentration improve the mechanical propetties of the
ceramic samples. From the saturation polarization of hyste-
ric curves of polarization as a function of applied fields, the
relative dielectric constant for the samples was obtained.
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SYNTHESIS, ELECTRICAL AND STRUCTURAL
CHARACTERIZATION OF A COMPOSITE MATERIAL BASED ON
POWDERED MAGNETITE AND HIGH DENSITY POLYETHYLENE.

SINTESIS Y CARACTERIZACION ELECTRICAY ESTRUCTURAL DE
UN MATERIAL COMPUESTO A BASE DE POLIETILENO DE ALTA
DENSIDAD Y MAGNETITA PULVERIZADA
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ABSTRACT

Garzén Posada A.Q., F.E. Fajardo Tolosa, D.A. Landinez Télez, J. Roa-Rojas, G. Pefia Rodriguez.
Synthesis, electrical and structural characterization of a composite material based on powdered magnetite and
high density polyethylene. Rev. Acad. Colomb. Cienc., 37 (1): 55-59, 2013. JSSN 0370-3908.

This work describes the synthesis and characterization of a composite material based on magnetite filled HDPE,
which is commonly known for its magnetic properties. Composites of this kind are used in different applica-
tions such as magnetic and microwave absorption, transducers manufacturing, and biomedical applications like
targeted drug delivery, organs tagging, etc. The samples were produced according to different volume ratios of
magnetite and HDPE. The samples structure was analyzed through X-ray diffraction tests and the crystallinity
degree was calculated. Then, the samples were electrically characterized through volume resistivity measure-
ments. The results showed that for ratios less than the 20% of magnetite there is not a substantial reduction in
the resistivity of the composite compared to the unfilled HDPE. For magnetite ratios above the 30% the com-
posite shows a substantial reduction of six orders of magnitude in its electrical resistivity.

Keywords: Magnetite, volumetric resistivity, High density Polyethylene.
N
RESUMEN

En este trabajo se describe la sintesis y caracterizacién de un material compuesto a base de polictileno de alta
densidad (HDPE) y magnetita pulverizada, comtnmente conocido por sus propiedades magnéticas. Los com-
pusstos de este tipo se utilizan en diferentes aplicaciones tales como la absorcién magnética y de microondas,
la elaboracién de transductores y en aplicaciones biomédicas como Ia produccién de capsulas para la entrega
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focalizada de medicamentos, marcacién de 6rganos, etc. Las muestras del material compuesto fueron produci-
das con diferentes proporciones en volumen de magnetita y HDPE. La estructura de las muestras se analizd a
través de pruebas de difraccion de tayos X v se calculé el grado de cristatinidad. Posteriormente las muestras
se caracterizaron eléctricamente a través de medictones de resistividad volumétrica. Los resultados mostraron
que para proporciones menores al 20% de volumen de magnetita no hay una reduccidn sustancial en la resis-
tividad del material compuesto, en comparacién con el polietileno de alta densidad puro. Para proporciones de
magnetita por encima del 30% el compuesto muestra una reduccidn sustancial de seis érdenes de magnitud en

su resistividad eléctrica.

Palabras Clave: Magnetita, resistividad volumetrica, polietileno de alta densidad.

1. Introduction

This paper aims to produce a composite material based on
high density polyethylene (HDPE) with different propor-
tions of powdered magnetite (Fe,O,). The HDPE is one of
the most used polymers in the world due to its low cost, ease
of processing and good performance in addition to being
known as a reusable thermoplastic.

During the last decade, many studies have tried to improve
the performance of this material for specific applications,
adding to the polymeric matrix different kinds of reinforce-
ments like fibers and particulate materials such as the sili-
cates or other ferrimagnetic minerals. For instance, in Co-
lombia the magnetite is an abundant material, economical
and easy to achieve due to the good amount of mines found
throughout the country, mainly those that are located in Hui-
la and Cundinamarca.

By the addition of silicates such as montmorillonite some
researchers have successfully enhanced the mechanical pro-
perties of different polymeric matrices; these composites can
be used as building block for constructions. In .other works
the addition of some minerals, like the graphite or magneti-
te in different proportions into the polymeric matrix, have
allowed to study the percolative propesties of the composi-
te material, these kinds of studies are useful for the design
of technological gadgets such as heat sinks or packages for
electronic devices with electromagnetic shielding e (Panwar
et al., 2007; Weidenfeller et al, 2002). Although the use of
magnetite in thermoplastic and thermoset matrices is rela®
tively new, these composites has been implemented in the
automotive industry and in some biomedical uses, like the
design of stents that can be able to change their shape in the
presence of magnetic fields (Razzaq et al., 2007). Some po-
lymers filled with magnetite can also use in pharmaceutical
applications including targeted drug delivery, tissue recons-
truction and tumor treatments (Zhang et al., 2008), prima-
rily becanse of the low cytotoxicity of the magnetite [Miles
et al., 2010; Wentao et al., 1996],

in this work the samples were synthesized using an extruder
plastic machine and its resistivity and crystallinity degree for
different concentrations of HDPE and magnetite were stu-
died. Is expected to be achieved a composite with the mecha-
nical properties and excellent machinability of the polymers,
along with the conductive and ferromagnetic properties of
the magnetite. This composite can be used for the develop-
ment of technology or biomedical products, using economic
and reusable precursors.

2. Experimental

2.1 Samples Preparation

Based on the calculation of the HDPE and magnetite (Fe,0,)
real densities, samples of filled HDPE with magnetite were
obtained with different volume ratios: 90%-10%, 80%-20%,
70%-30%, 65%-35% and 60%-40%. For each volume ratio
were prepared two samples.

Fig. 1. Samples poured in different shapes.

The samples were made using an extruder plastic machine
with thrée heating zones. After the extrusion process, the
composite is poured into various molds with different shapes
in order to facilitate the machinability of the samples, as is
shown in figure 1.
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For the X-ray diffraction tests and for the electrical resistivi-
ty measurements, small cylinders of approximately 1.2 mm
diameter and 1mm height were cut and polished.

2.2 Resistivity Measurements

It is well known that the electrical resistivity of insulating
polymers like de HDPE could decrease by dispersing a con-
ductive filler, for instance, carbon black (CB) throughout the
polymer matrix ( Wentao & Xinfang, 1997; Tang et al,,
1994; Beancage et al., 1999); likewise, the magnetite as
filler of polypropylene and polyamides matrices has been
shown similar behaviors (Weidenfeller et al, 2002).

To assess the effect of the different magnetite ratios into the
HDPE matrices, at room temperature, measures of volume-
tric resistivity were taken. The volumetric resistivity is the
resistance to leakage current through the body of an insu-
lating material, is commonly expressed in chm-centimeters
{ASTM international, 2007). The resistivity of the samples
was measured the 6517A Keithley Electrometer and its 8009
resistivity test chamber.

2.3 X-ray diffraction Tests

The qualitative composition or phase identification of each
sample is determined by the X-ray diffraction tests. The
degree of crystallinity is estimated by the areas under the
diffraction curves. The X’Pert PRO MPD panalytical X-ray
diffractometer was used. This equipment uses a copper ano-
de of 1.540998 A. As analysis software the HighScore plus
of panalytical was used.

3. Results and discussion

Fig. 2 shows the volume resistivity of HDPE samples filled
with different volume proportions of magnetite, for each
volume ratio two samples were measured. As is shown in
Fig. 2 the significant drop (six orders of magnitude 10" to
10%) in the resistivity of magnetite filled HDPE can be ob-
served between a filler loading of 30 vol% to 40 vol% as
was predicted in previous works (Weidenfeller et al., 2002;
Boettcher, 1954; Bruggeman, 1937) . In contrast to this,
the Fig.2 shows a high volume resistivity between the pure
HDPE samples and the HDPE filled samples with 20 vol%
of magnetite, that’s an indicative of the predominant insula-
ting polymeric phase.

The samples resistivity can be affected by some factors like
the magnetite particles distribution and its interconnectivity
into the HDPE matrix. This is why the samples with a low
volume fraction of magnetite (0 vol% - 20 vol%) have a high

volume resistivity, with a low magnetite particles dispersion,
the resistivity is expected to be high and no conductive paths
are available between the magnetite particles.

This behavior, the decrease of the resistivity between filler
loadings of 30% to 40% of magnetite, and the increase of
it between the pure HDPE to 20% of filler loading was also
confirmed by electromagnetic polarization measures.

Volume resistivity of Magnetite filled HDPE
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Fig.2, Specific volume resistivity of extruded and molded mag-
netite filled HDPE as a function of the percent of volume fraction
filler of magnetite. For each volume ratio were prepared and
measured two samples.

On the other hand, in the samples with the highest filler
content (30 vol% - 40 vol%) some particles seem to have
contacts points among them or are separated only by very
small gaps, that produces conducting paths according to the
theories of Boettcher (1954) and Bruggeman (1937). This
indicates an ideally and homogenous dispersion of the mag-
netite particles in the polymeric matrix of HDPE. Therefore
charge carriers can migrate from one magnetite particle to
a neighboring one by hopping or tunneling. It’s also possi-
ble according to the figure 2 make an approximation of the
percolation threshold for the magnetite filled HDPE samples
near to the 30 vol%.

Figure 3 shows the diffraction pattern of the pure magnetite,
this describes the normal crystalline behavior of the ferrites.
Figure 4 shows the diffraction patterns of each sample. Ex-
cepting the unfilled HDPE and the pure Magnetite it was ob-
served .three main phases: Magnetite, Hematite and HDPE.
The Hematite phase belongs to the magnetite used as pre-
cursor material for the experiments and was not previously
isolated.
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Fig. 4. Diffraction patterns of the magnetite filled HDPE samples.

As was expected, when the content of the magnetite is in-
creased into the composite, the main peaks of the magneti-
te and hematite phases becomes more significant, while the
main peak of the HDPE phase is gradually reduced (300.000
to 15.000 counts), in other words the degree of amorphous-
ness decreases. The percentage of crystallinity for each dif-
fraction pattern is measured as the ratio of the crystalline
area over the total area, and the results are summarized in
Table 1. Note that the percentage of crystallinity is higher as
the volume of the magnetite increases. h

Conclusions

Electrical and structural properties of magnetite filled HDPE
samples were investigated. Samples were prepared with di-
fferent volume ratios of magnetite. Electrical resistivity mea-
surements show a rapid drop for filler loadings of the HDPE
over the 30 % of volume, it is a result of point contacts bet-
ween magnetite particles which are surrounded by the HDPE
matrix. The increasing number of magnetite particles can be

Table 1. Magnetite filled HDPE samples degree of crista-
Ninity.

% Vol Magnetite % Cristallinity
0% 16 %
10% 24,4 %
20% 22,4 %
30% 24,5%
35% 27 %
40 % 27,4 %

confirmed through the diffraction patterns and the cristalli-
nity degree. The structural changes in the composite started
with 20 vol% of filler. Therefore, the resistivity values of
the investigated materials mainly depend on the magnetite
grade.
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MORPHOLOGICAL, STRUCTURAL AND MAGNETIC
CHARACTERIZATION OF BLACK SANDS
OF THE GUAJIRA - COLOMBIA
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ABSTRACT

Parra Sua J. P, C. A. Sjogreen Blanco, J. E. Alfonso Orjuela, D. A. Landinez Téllez, J. Roa-Rojas:
Morphological, structural and magnetic characterization of black sands of the Guajira — Colombia. Rev. Acad.
Colomb. Cienc., 37 (1): 60-64, 2013. ISSN 0370-3908.

This article shows the morphological, structural and magnetic properties of the black sand on the surface soil
obtained in the Guajira-Colombia. Morphological characterization of samples is performed by SEM. The com-
positional analysis of the compounds and elements was carried out through the XRF technique and by applying
the Rietveld method to the X-ray diffraction data by quantifying the polycrystalline phases present in the simple
such as ilmenite and magnetite. Magnetic characterization was performed by obtaining the hysteresis curve of
magnetization as a function of applied fields at 300K temperature. Results evidence a ferromagnetic behavior
of sample with magnetic parameters that permit to discuss the origin of magnetic character in the black sands.
From heat treatments on air at different temperatures, the present magnetic phases are studied in order to deter-
mine the possibility obtaining of a single phase.

Keywords: Black sand, ferromagnetic, ilmenite, magnetite

RESUMEN

En este articulo se muestran las propiedades morfcoldgicas, estructurales y magnéticas de la arena negra obte-
nidas sobre la superficie del suelo-en la Guajira - Colombia. La caracterizacion morfolégica de las muestras se
lleva a cabo por SEM. El andlisis de la composicién de los compuestos y elementos se llevé a cabo a través de la
técnica de XRF y mediante 1a aplicacion del método de Rietveld a los datos de difraceién de rayos X mediante
la cuantificacién de las fases policristalinas presentes en la muestra tales como ilmenita y magnetita. La carac-
terizacidn magnética se realizé mediante la obtencion de la curva de histéresis de la magnetizacién en funcién
de los campos aplicados a 300K de temperatura. Resultados evidencian un comportamiento ferromagnético
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de la muestra con pardmetros magnéticos que permiten analizar el origen de carécter magnético en las arenas
negras. Los tratamientos térmicos se realizaron en aire a diferentes temperaturas, donde se estudiaron las fases
presentes con el fin de determinar la posibilidad de la obtencidn de una sola fase.

Palabras claves: Arena negra, ferromagnéticos, ilmenita, magnetita

1. Introduction

Many materials that are currently used are mined [1] and it
is known that the chemical composition of these minerals
depends on its location. Minerals such as magnetite and il-
menite are of great interest due to their crystal structures be-
cause they show the presence of iron and titanium, which
are materials with a wide application in fields such as aero-
nautics, military industry and some applications in biomedi-
cine. The hematite phase of iron oxide is used as a pigment
in the manufacture of paints. Studies in sands such as the
one conducted by Muta’4lim and others which are magnetic
sands found on beaches in Indonesia, show the presence of
iron-based compounds and titanium as shown in this paper
[2]. In this paper the chemical and morphological descrip-
tion of the black sands of La Guajira Colombia and results
of the magnetic response are presented. Experimental data
of x-ray diffraction are compared with the results obtained
by fluorescence spectroscopy X-ray, which shows the pre-
sence of compounds based on iron, titanium, quartz, zircons
and others. Images found by scanning electron microscopy
show the morphology of minerals which are consistent with
results of the fluorescence and diffraction characterization.
Finally, it shows the ferromagnetic behavior of the sample at
room temperature, given that the composition of the sample
is mostly magnetite,

2. Experimental

Obtaining black sands samples used in this study were co-
liected from the Mingueo beach in the municipality of Dibu-
lla in the department of La Guajira in Colombia, 90km east
of the Sierra Nevada de Santa Marta, in a territory which is
part national park of Sierra Nevada de Santa Marta.

The measurements of X-ray diffraction (XRD) was perfor-
med on a sample diffractometer with rotating Bragg-Bren-
tano (Philips X’pert-Pro), the XRD data are taken at 20 bet-
ween 10° to 90° using radiation CuKo with a wavelength
of 1.54 A and a detector RTMS (remofe traffic microwave
sensor). Refinements of the experimental data were perfor-
med through the GSAS and PowderCell 2.4 codes. From
the X'Pert Highscore 2.0 semiquantitative concentrations of
samples were determined.

Mineral samples were reduced in grain size with a fritsch ball
mill at 400 rpm for 3 min obtaining a grain size of 300 pm.

Figure 1. Map of Mingueo beach in municipality of Dibulla.

Morphologic analysis was carried out with a scanning eclec-
tron microscope FEI Quanta 200 in a vacuum environment
16 to 130 Pa, due to variations in intensity it can be observed
the analyzed surface topography, where the lighter areas co-
rrespond to the phases of higher atomic weight, useful a solid
state detector. The fluorescence analysis was performed on a
petro AXTOS PANalalytical brand equipment with a reduced
grain size produced by a ball mill described above, it was
taken & g of the obtained powder, where this powder was
combined with 0.8 g of wax, after that it was placed in a
40 mm diameter mold, and then it was press at 100 kN for
20 s, resulting in a pellet. The scanning was performed at
26 in a range 10° to 150° using Super Q Manager software.
This technique allows us to find the elements present in the
sample, and it should be noted that there may be elements of
concentrations below [00 ppm which the equipment cannot
detect. For measuring the magnetic properties it was used
the magnetic power measurement system MPMS quantum
design. The magnetic moment was measured at room tem-
perature, by using the hysteresis measurement through the
application of magnetic fields from -3000 Oe up to 5000 Oe;
the frequency used was 40 Hz, and the trial was conducted
between 250 mlV — 25 mV.

3. Results and Discussion

X-ray fluorescence Analysis shows the existence of different
phases present in the sample which can be seen in Tablel.

The spectroscopic analysis of X-ray fluorescence indicates
that the iron is the element with the highest proportion in the
count-made, following by the titanium and silicon. These re-
sults can be verified in Table 1 which shows that Fe, Ti and Si
are elements found in higher proportion in the sample. These
results are compared with the analysis of X-ray diffraction in
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Table 1: Results of X-ray fluorescence in the sample of
black sands from la Guajira -

identified as magnetite, ilmenite, quartz, zircon and others
with lesser degree.

Name* Symbol Composition (%) The lattice parameters and crystal structures found for the
compounds in the sample of black sand are compared with

Sodium Na 1.6 those reported by other authors and are consistent with the

Magnesium Mg 0.7 obtained by this work. Using the Rietveld refinement method

Aluminium Al 1.9 the quantitatively phases of black sands samples were found.

Silica $i 10.8 Results are consistent with the values in Table | and stoi-

Phosphorus P 02 chiomefry of the. diﬁ?f.:rent phases which are a.round 37%

Sulphur S 03 magnetite, 42% ilmenite, 14% ql'iartz apd 7% zircon. Afier
the sample was separated magnetically, it was heated at 650

Potasium K 02 °C; it can be observed in the figure 3 the presence of hematite

Calcium Ca 1.2 and titanium oxide phases.

Titanium Ti 21

Chromium Cr <g.1

Manganese Mn 16 ARC patiem of the black powder after was heated al 650°C (823K)

Zinc Zn <0.1 qmﬁsﬂ’“ "

Zirconium Zr 2.5 % " - {1y ”

Yitrium Y <0.1 é l o J U fﬁf)

Niobium Nb 0.1 8 . M it iyt o e

Cerium Ce 0.1 :

Hafnium Nf 02 s d a ' a % %

Chlorine Cl 0.9 Postion 2]

* The “elements” present make oxides.

which verifies that the phases present and the percentages of
each of them coincide in the two methods of analysis. Con-
sequently, it can be stated that present content of the sample
phases are magnetite, ilmenite, quartz and zircon. Figure 2,
show the difractogram performed on the sample of black
sands from La Guajira where the characteristic peaks of the
phases present in the sample can be appreciated, which are

Pattern of Black Sands of La Guajira

10500 | T s o P vix 3 st cd it g b P P ettt s st st sisi]

(Counts (a.u}

=i
-

20 (degrees}

Figure 2. XRD pattern of black sands from Guajira.

Figure 3. XRD pattern of the black powder
after it was heated at 650 °C,

At the end of Table 2 it shows the found parameters of the
new lattice of the crystalline phases where a comparison is
made with results reported by other authors, and it is found
a similarity in their parameters. The quantification of the
sample indicates that 80% belongs to the hematite phase and
20% to the titanium oxide phase.

In Figure 4 it can be seen some maximized phases present in
the sample such as quartz, magnetite and ilmenite. The gra-
ins have no crystalline forms due to erosion process.

Hysteresis curve shows a ferromagnetic behavior of the sam-
ples; this is because as noted above in the analysis of the
x-ray diffraction phases is present a good amount of iron in
their crystal structures as magnetite [5]. The hysteresis curve
shows that Crystallites found in the black sands samples pos-
sess ferromagnetic behavior which can be attributed to the
kigh concentration of magnetite in the material.

The magnetic parameters obtained were: 32.7 emu/g satu-
ration magnetization on 4.9 kOe, 2.5 Qe coercive field and
0.07458 emu/g remnant magnetization.
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Table 2: Lattice parameters of the phases present in the
black sand of la Guajira.

Lattice Crystalline
Phase Parameter Ref. 'y
Structure
(A)
Magnetite _ R
(Fe,0,) a=83940 Cubic
Itmenite a=5.09 a=5.088 Hexagonal
(FeTiO,) c=14.093 c=14.093 [6] g
Quariz a=4.9148
(8i0) =5.4062 Hexagonal
Zircon a=6.6042 Tetragonal
(ZSi0,) ¢=5.9796 g
Hematite a=50355 a=5.0355 Rhombic
(Fe,0,) e=13.7471 | e=13.7471 [7.8]
Titandam Oxide § a=4.6530 Tetragonal
(Ti0,) €=2.9650 &

Figure 4. SEM image magnetic sands a) identification
of the crystallites, b) and ¢) ilmenite grains d} magnetite grains

4. Conclusions

X-ray diffraction and X-ray fluorescence showed that the
black sands from La Guajira have a high content of mag-
netite, ilmenite, quartz, and the presence of other elements

40

T=300K
30

10

Magnetization (em u/g)
=]

40 Lo " L . A i £
-5G00 -2500 0 2500 5000

Applied Field (0e)

Figure 5. Magnetization as & function of applied field. Hysteresis
curve shows the ferromagnetic behavior of the sample.

in low proportion such as zircons. The present phases were
42% of magnetite, 37% of ilmenite, about 10% of quartz, 3%
of zircon, and the remaining 8% of the sample represent the
presence of other components in lesser amount. Furthermore
it can be seen that the heat treatment conducted in the mag-
netic phases evidenced a change of crystalline structure from
magnetite and ilmenite to hematite and titanium oxide. The
magnetization curve shows a ferromagnetic behavior due
to the presence of minerals such as magnetite and ilmenite
where magnetite phase being the largest contributor to this
magnetic behavior.
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ABSTRACT

Rios Viasus J. de! C., D. M Buitrago, C. A. Ortiz, A. J. Barén, C. A. Parra Vargas: Production system and
structural characterization. CaMn1-xTixO3 (with x = 0.0, 0.25, 0.5, 0.75 and 1.0). Rev. Acad. Colomb. Cienc,,
37 (1): 65-68, 2013, ISSN 0370-3508.

In this work, we report the production of new composite perovskite manganite system CaMn, Ti O, with
doping x = 0.25, 0.5 and 0.75, reaction sintering method solid state. Structural characterization was performed
using the technique of X-ray Diffraction (XRD} and the Rietveld method, obtaining a tetragonal structure, with
Pnma spatial group (# 62) (2a=5.3586A y a=5.2997A; b=7.5041A y b=7.5526A; ¢=5.3182A y ¢=5.3278A). In
this paper takes the discussion on possible structural changes with changes in the system titanium CaMn, Ti O,.

Key words: Manganites, perovskite, structural analysis.

RESUMEN

En éste trabajo se reporta la produccion def nuevo sistema tipo perovskita compuesta manganita CaMn, Ti O,
con dopajes x="0.25, 0.5 y 0.75, sinterizado por el método estandar de reaccion de estado sélido. La caracteriza-
cion estructural se realizé a través de la técnica de Difraccion de Rayos X (DRX) y el método de Refinamien-
to Rietveld, obteniendo una estructura tefragonal, con grupo espacial Pnma (#62) (a=5.3586A y a=5.29974;
b=7.5041A y b=7.55264; c=5.3182A y ¢=5.3278A). En este paper se realiza la discusion sobre los posibles
cambios estructurales con la vatiacion del titanio en el sistema CaMn_Ti O

Ix "% 73"

Palabras clave: Manganitas, perovskita, andlisis estructural.
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L. Introduction

The manganites have been studied extensively in recent
years, mainly due to the discovery advance property of co-
lossal magneto resistance (CMR) and the discovery of high
temperature superconductors (Raveau er al., 1998; Ravean
efal., 2000). These also show extraordinary and varied trans-
port properties (Helmolt Von ef ¢, 1993; Kuwahara H. et
al, 1998). Two types of behavior can be set to the mangani-
tes doped with holes, have CMR and electron-doped manga-
nites showing CMR properties in a narrow range of compo-
sition and only for small cations, in this way substitution in
Mn sites of these compounds doped generate great potential
for inducing properties of the films (Nagaev E. L, 2001). As
the metal insulator transition and CMR effects.

Recent studies (Nagaev E. L. 2001; Raveau B er al., 2000).
Show that partial substitution of pentavalent or hexavalent
elements by Mn (IV) presenting induce electron doped dou-
ble exchange phenomenon Mn** - O - Mn** (Gil de Muro
Izaskun es al., 2005} as it was shown for the system CaMn,_
Ln O, besides that the manganite doped with electrons in
the system CaMn,_M O, with M = Nb, Ta, W, Mo [2,8],
almost semimetallic exhibit behavior over a wide range of
composition below 30K and significant ferromagnetic in-
teraction also demonstrated the existence of CMR at low
temperatures in the range of 4-50K (Ochoa Burgos R. ef
al., 2012; Roa-Rojas ¢f al,, 2008). Thus, in the continuing
search for understanding the inherent properties multiferroi-
cidad and the discovery and production of new materials
that exhibit this effect, generated the idea of producing the
CaMn, _Ti O, new system, which has a complex perovskite
structure CaMn, Ti O,. Initially system meets some of the
requirements of the materials being multiferroics combining
two simple perovskite dielectric CaTiO, magnetic CaMnO,.
This paper focuses primarily on the production and structural
characterization CaMn, Ti O, system by the Rietveld refine-
ment technique (Yung R, A, 1993). In order to establish the
structural characteristics of that system.

IL. Experimental

The preparation process CaMn, Ti O, samples (with x =
0.25, 0.5 and 0.75.) Was made by the standard method of so-
lid state reaction (Gil de Muro Izaskun ez al., 2005) from the
mixture of the precursor oxides of high purity titanium oxide
Ti0, (99.999%), manganese oxide MnO, (99.99%), calcium
carbonate CaCO3 {(Raveau B. et al, 1998) (97.00%). These
oxides were weighed in amounts calculated stoichometry,
dried at a temperature of 120 ° C for 12 hours and macerated
manually mixed in an agate mortar to obtain fine particles
and to ensure a homogeneous mixture. These samples thus

prepared were divided into two series preparing tablets with
a diameter of 0.8cm and a thickness of 0.5 em in a hydraulic
press with pressure of 5 ton/em? approximate which were
subjected to two heat treatments calcined at a temperatu-
re of 900 °C for 36 hours and sintering at 1360 °C for 84
hours. Structural analysis was done by XRD technique using
XPERT-PRO diffractometer PANalytical with A = 1.54064
A copper Ku line, step 2Theta: 0.001 Position with a Start
position [® 2Th.] 20.0100 and End Position [® 2Th.] 79.9900.
At diffractograms were asked to Rietveld software GSAS
input crystallographic data were taken from references re-
ported and these were adjusted PCW23 program, necessary
for the software GSAS refinement. The experimental results
presented correspond to the three values of doping respec-
tively.

The figure 1. Displays the x-ray diffractogram theorists. Cal-
culated at Spuds program and plotted on PCW theoretical
modeled CaMn,_ Ti O, system.
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-CaMn, TifO,
o
&
9518 b _
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Figure 1. Theoretical Difragtograma of Mn_, Ti___O

6.25 770375 3"

HI. Results and discussion

Figure 2 shows the experimental x-rays for the threedoped
CaMn, Ti O, system, clearly shows that the three belong to
the same structural phase. Structural analysis of the samples
was done using the Rietveld refinement technique (Yung R,
A. 1993) through the GSAS program.

Comparing the diffraction patterns being theoretical and ex-
perimental adjustment necessary data manually unti] the best
correlation between these using the PCW program, critical
for the initiation process of refinement by Rietveld method.
In Figure 3 are shown the data obtained by Rietveld refine-
ment CaMn, _Ti O, system (with x = 0.75). The data marked
with crosses represent the experimental result in continuous
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Figure 2. XRD diffractograms. Theoretical CaMn, Ti Q, system.
For the three doped.

red line represents the theoretical diffractogram, green line
and blue Background the difference between theoretical and
experimental diffractograms. Also shown in Figure 4. Ap-
propriate system-CaMn_Ti O, (with x =0.5) and Figures 3.
CaMn,_Ti O, system (w1th x=1025)
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Figure 3. Rietveld refinement results obtained
for the sample CaMn__ Ti, ..O..

The refining process identified corresponding to a single
phaseCaMn,_Ti O, compound. Perovskite-type compound
which crystalhzes “with orthothombic structure with Pnma
space group number 62.

In the Table 1, we identify the lattice parameters a, b, ¢ struc-
tural angles o, B, 1; ¥* R,,,» RI*> f.0 factor and spatial posi-
tions x, y, z obtained by Rletveld refinement for the sample
CaMn,, Ti . O,. In Figure 3, there is obtained quality refi-
nement so that the calculated curve of peak intensities is set
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Figure 4. Rietveld refinement results obtained for the sample
CaMn0.5Ti0.503.
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Figure 5. Rietveld refinement results obtained for the sample
CaMn0.75Ti0.2503

with good approximation to the observed intensities curve,
obtained as a result of variance values: Rff= 12.72% and y*=
1.974 showing the reliability of the process, and it is obser-
ved that all the diffraction peaks correspond to a single phase
of the compound and do not manifest secondary phases of
impurities.

In the Table 2, we identify the lattice parameters a, b, ¢, struc-
tural angles «, B, v; % Ry, . RE, fo factor and spatial posi-
tions X, v, Z, obtained by Rietveld refinement for the sample
CaMn, Ti  O,. In Figure 4, like in figure 3 show the results
of Rletveld reﬁnement of variance values: RF =14.79% and
w=1435"

In the Table 3, we identify the network parameters a, b, ¢
structural angles a, B, v; %% Ry e R£, f.o factor and spatial
positions X, , z, Rietveld structural refinement obtained for
the sample CaMn_ ., Ti ,.O,. In Figure 5 in the same way as
in Figures 3 and 4 shows the results.of the Rietveld refine-
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Table 1. Spatial positions and structural parametets obtai-
ned through the Rietveld refinement technique for the system
CaMHO.ZSTiU.'?SOS

CaMn,, Ti O, Sample

a=53013A |b=75053A [c=531814

o =90.00 B =90.00 ¥ =90.00

£=1.974 Ry =0-1978 | RZ=0.1272

X Y Z FO.
Ca__ | 0.0155 0.2500 1.0010 1.000
Mn__| 0.0000 0.0000 0.5000 0.250
Ti | 0.0000 0.0000 0.5000 0.750
0 04778 -] 0.2500 0.0282 1.000
0 0.2998 0.6273 0.7096 1.000

Table 2. Spatial positions and structural parameters obtained
through the Rietveld refinement technique for CaMn, [Ti O,
system.

CaMn, Ti O, Sample

a=53586A |b=755264A ¢=5.3278 A

@ =90.00 $=90.00 ¥ =90.00

x2 = 1435 Ry, ~0.1978 [ R?=0.1479

X Y Z E. O.
Ca | 0.0269 0.2500 0.9886 1.006
Mn | 0.0000 0.0000 0.5000 0.497
Ti 0.0000 0.0000 0.5000 0.497
O 0.4831 0.2500 0.0451 0.959
0 0.2895 0.0475 0.7081 1.029

Table 3. Spatial positions and structural parameters obtai-
ned through the Rietveld refinement technique for the system
CaMﬂO.’ISTiO.ZSOB

CaMnp, _Ti , O, Sample

a=52997A |[b=75041 A c=53167A

o= 90.00 B =90.00 ¥ =190.00

$=1.622 R, =0.1978 | R2=0.1080

X Y 7z E.O.
Ca | 0.0139 0.2500 1.0038 1.028
Mn | 0.0000 0.0000 0.5000 0.726
Ti | 0.0000 0.0000 0.5000 0.250
0 | 04767 0.2500 0.0215 0.971
O | 03004 0.0635 0.7034 0.993

ment with values results in disagreement: Rf2 = 10.94% and
¥ = 1.620 again showing the reliability of the process.

IV. Conclusions

We produced the Conipound the CaMnl Ti O, (with x =
0.25, 0.5 and 0.75) system. Through the technique of solid

REV, ACAD. COLOME. CIENC.: VOLUMEN XXXV, SUPLEMENTO - ANO 2013

state reaction. This material has a double perovskite structu-
re which corresponds to the number 62 group Pnma.

Rietveld refinement analysis established that CaMn, _Ti O,
system presents a single phase orthorhombic structure with
lattice parameters between a = 5.3586A and a=5.2997A, b=
7.5041A and b= 7.5526A and ¢ = 5.3278A and ¢ = 5.3182A
for stoichiometries (with x = 0.25, 0.5 and 0.75) respectively.

In the graphs shows refinement quality obtained so that
the curves ‘calculated from the peak intensities adjusted
with good approximation to the observed intensities curve,
showing that the reliability of the process and the presence of
a single phase of the compound and confirming the absence
of secondary phase impurities.
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ABSTRACT

Reyes CaballeroF., C. A. Parra Vargas, S. A. Martinez Ovalle: Technological, envirenmental and economic
impact, of the mineral matter presented in coal. Rev. Acad. Colomb. Cienc., 37 (1}): 69-74, 2013, ISSN 0370-
3908.

The analysis of the mineral matter contributes meaningfully to define the quality of coal. In this work we
present the results of identification and quantification of mineral phases presented in samples of natural coal,
and coal fractions beneficiated with concentration fractions of mineral matter, obtained by different separation
methods using Rietveld-based X-ray diffraction (Rietveld-based XRD), 'Fe transmission Mossbauer spec-
troscopy (MS) and scanning eleciron microscopy with epergy dispersive X-Ray (SEM_EDX) analysis, which
allows to identify the potential for removal of minerals. Furthermore, it is possible to explore the relationship
between the ash obtained, the melting point, the calorific value and the relative proportions of the individual
minerals in the samples studied. Similarly, using the information obtained, we evaluate the technological, envi-
ronmental and economic impacts associated with mineral matter.

Key words: Coal quality, Mineral identification and quantification.

RESUMEN

-3
El anlisis de la materia mineral contribuye significativamente a definir la calidad del carbén. El propésito del
articulo es presentar resultados de identificacién y cuantificacion, de las fases minerales presentes en el carbon
y fracciones de carbén obtenidas por diferentes métodos de separacion, usando Andlisis Rietveld de patrones de
difraccion de rayos X, espectroscopia Massbauer de transmision 57Fe y microscopia electrénica de barrido con
andlisis de energia dispersiva de rayos X. Ademas, fue identificado el potencial de remocion de minerales, y fue
explorada las relaciones entre la ceniza obtenida, €l valor calorffico y las proporciones relativas de los minerales

.
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individuales en las muestras estudiadas, Usando la informacion obtenida, se evaltian Jos impactos tecnolégicos,
ambientales y econdmicos asociados con la materia mineral.

Palabras clave: Calidad del carbdn, Identificacion y cuantificacién de la materia mineral.

1. Introduction

Coal is the main and the most abundant in terms of reserves
and geological resources of sedimentary fossil solid fuels:
coal (<50 wt, % Ash), organic shales (50-90 wt. % Ash) and
peat (Alpern and Lemos de Sousa, 2002). Coal is mostly
used fuel for generating electricity in the world and current
estimates indicate that 41% of global electricity is genera-
ted from its use (WCA. 2013). Several clean technologies
(CCTs: Clean Coal Technologies) for the extraction, prepa-
ration and use of coal more efficient and environmentally
acceptable are in used. Colombia has one of the most impor-
tant reserves and resources in terms of quantity and variety
of coal qualities with respect to Central and South America,
from anaually produce 5 to 10 Mt in the decade 1980-85 Mt
in 2012 (Mt = Million tons).

Coal is a sedimentary rock, organic in nature, porous, com-
plex, heterogeneous and stratified, formed from the fossili-
zed remains of plants with inorganic elements incorporated.
Inorganic elements are usually incorporated into the coal
referred to as the “mineral matter,” and contains three ty-
pes of components: fluid matter (moisture and gas-liquid
inclusions) through the pores of the coal, such as dissolved
salts and other inorganic substances; elements inorganic as-
sociated with the organic compounds of the coal maceral
(metal-organic complexes) and discrete crystalline inorganic
particles (in the form of crystals, granules and aggregates) or
non-crystalline (amorphous), representing true mineral com-
ponents (Tascén and Vassilev, 2000).

Coal quality is defined as the coal properties and characte-
ristics that affect its use (Finkelman, 1995; Finkelman and
Pierce, 2002). Particularly, the information on the relative
amount of the mineral phases, size, shape and composition
of the minerals, the knowledge of the concentration and dis-
tribution of the elements between the organic and inorga~
nic components, and washability potential or removal of an
item during the benefit, contribute significantly to defining
the quality of coal, due to: 1) Its influence on technological
performance. In combustion processes the mineral matter is
a source of unwanted agglomeration, abrasion, corrosion,
inert material processing, tack, and pollution by gaseous
emissions, liquid and solid, of volatile ashes, acid or alkaline
solutions, toxic elements and potentially toxic compounds
{Clemens ef al., 2000; Vassilev ef al., 2001). 2} Iis environ-
mental impact and human health. Most of the trace elements

presented in natural coals are associated with mineral matter.
The sulfides and sulfates contain various heavy metals (such
as Pb, As and Ag} and its high sulfur content are a major sou-
rce of environmental damage and human health, when coal
is burned without previous cleaning procedures (Finkelman
and Gross, 1999).

3) Political and economic significance. Consumers, who cu-
rrently define trading conditions, require coals meet strict
specifications. 4) The use of residues of its benefit and pro-
cessing. Globally, a fairly large number of projects are direc-
ted to find uses and recovery processes of waste byproducts
of profit and coal processing (ACAA, 2013). 5} Its geoche-
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mical significance. Mineral matter provides important in-
formation on the conditions of sedimentation and geologic
history of the sequences containing the robes of a coal mine
(Ward, 2002).

The purpose of our work is basically to apply analysis
Rietveld of X-ray patterns diffraction,’’Fe Mossbauer spec-
troscopy of transmission and scanning electron microscopy
with energy dispersive analysis. of X-rays, to identify and
quantify the mineral matter presented in Colombian coals. In
this paper it is reported the identification of the potential for
removal of minerals. Furthermore, it is examined the rela-
tionship between the calorific value and relative proportions
of individual minerals. Similarly, using the information ob-
tained are evaluated technological, environmental and eco-
nomic impacts associated with mineral mafter.

2. Experimental

In the study we have analyzed representative samples, air-
dried and homogenized, from original material taken from
Mine head with different ash contents of mines from Boya-
¢4, Cundinamarca, Valle and Cauca. Different subsets have
been subjected to various and different removal processes of
mineral matter (physical: for example, floating, separation
hidrocicldnica and gamma irradiation separation, chemicals:
treatment with dilute nitric acid and hot (Reyes Caballero
et al., 2002; Reyes Caballero and Martinez Ovalle, 2013).

All samples were reduced to a particle size of 250 pm (No. 60
mesh), for analyzes according to ASTM standards (ash deter-
minations, total suifur, calorific value, etc.). (ASTM, 1991).

Partial information about mineral morphology, particle size
and chemical composition was obtained by electron micros-
copy analysis of sample and microanalysis energy dispersive
fluorescence using SEM/EDX JEOL 8900R.

For the analysis by Mossbauer spectroscopy and X-ray dif-
fraction powder, subsamples were reduced to a particle size
<74 um (N° 270 mesh ).

It was prepared Mossbauer absorber by sandwich of powders
of the samples (~ 100 mg) between two paper disks in circu-
lar specimen (12 mm diameter) in order to maintain constant
the thinness of the absorber. Mossbauer spectra were taken
at room temperature using a conventional spectrometer
in transmission mode with a constant acceleration, with a
source of "Co/Rh and calibration with respect to metallic
iron. All spectra were fitted using the programs VARFIT y
MOSSFIT. The identification of mineral phases presented,
was made by comparing the Mossbauer parameters values
obtained with values reported in the literature (Stevens et ai.,
1998; Gracia ef al., 1999).

Standard specimen were prepared with a homogeneous mix-
ture of natural coal dust or coal fractions {(~ 50 mg) with ~
10 mg of powder of high purity Fe (99.99%) used as internal
standard for the radiation diffraction analysis with Cu -Ka on
a Rigaku diffractometer in Bragg-Brentano geometry, 20-0,
with a scan speed of 0.05 © 28 / 5 so 0.05 © 26/25 s, in the
range of 4 ° to 140 ° in 26. The mineral phase identification
was petformed by search-match method using a personal
computer with the help of PDF-2 Database and the software
Perfil (Reyes Caballero, 2005). A software had to be de-
veloped to remove very high noise (background) presented
in the diffraction profile before of the refinement procedure
by Rietveld (Reyes Caballero, 2005). The Rietveld refine-
ments were performed using the software DBWS-9807 y
FuliProf-2001

160~
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Fipure 3. Méssbauer spectra of representative samples of benefi-
ciated coal fraction (fop) and natural charcoal (below), P: Pirita,
A: Ankerita, L: Tlita.

3. Results and discussion

Quantification methods of mineral matter coal were initially
indirect, it means, by calculating the ash content using va-
rious techniques, for example, ATSM, (2007):
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MM=1.1CZ + 0.1AT,

Where CZ and AT are the values of ash and total sulfur, res-
pectively. Today, there is the possibility of using modern
methods of the mineral matter coal quantification, using
electron microprobe, Mossbauer spectroscopy, analysis ba-
sed on Rietveld patterns of X-ray diffraction. In Figure 1 it
is showed an electron micrograph of a representative sample
of a fraction of beneficiated coal. At points 1, 2 and 3 were
identified clusters of pyrite grains. Figure 2 shows typical
results obtained with the analysis of X-ray energy dispersive.

‘Fable 1. Mossbauer parameters of the phases of Fe identified.

IS Qs RA
Sample +0.01 +0.01 o Phase
1 1 =1 %
mm's mm-s
Yolanda 0.29 0.57 72 Pirita
Natural 1.35 1.52 20 Ankerita
Coal 1.02 2.03 8 Ilita
Yolanda (.29 0.56 53 Pirita
Benef. 1.28 1.59 37 Ankerita
Coal 1.04 2.06 10 Tiita

Among the most important properties affecting the washa-
bility of minerals and / or elements are its modes of occu-
rrence and their textural relationships. Elements associated
with mineral phases offer the potential for removal by physi-
cal washing procedures coal. Elements associated primarily
with the organic constituents will not be effectively reduced
by the physical washing of the coal; on the contrary, they can
be enriched in the washing of coal. Figure 3 compares the
Mdssbauer spectra of representative samples of beneficiated
coal fraction (top) and natural coal (bottom). The identified
phases correspond to Pirita, Ankerita ¢ Ilita.. Mdssbauer pa-
rameters of the phases Fe identified in the samples studied
are presented in Table 1.

The spectra measured in this work allow define relative dis-
tributions of minerals and Fe concentration in the different
products of the separation processes. The relative intensity
of resonance Hp, peak height of Figure 3, gives the relati-
ve distribution of the phases of Fe in each sample. Relative
spectral area (RA %) is considered proportional to the con-
centration of Fe in the sample, given the experimental condi-
tions keeping constant spectrometer geometry and thickness
of the sample. Therefore, changes in the value of the spectral
area from sample to sample correspond to changes in the
concentration of Fe. Mossbauer results show a Pirita remo-

val of approximately 26%, while, reflect an inherent nature
of mineral matter for the phases Ankerita and Ilita.

Figure 4 shows the Rietveld Refinement for the full pattern
of X- ray difraction corresponding to a natural coal sample
superimposed on the diffraction pattern of Fe, the latter used
as internal standard. The mineral phases identified were Cao-
linita (K), Yeso (G), Dolomita (D), Calcita (C), Cuarzo (Q)
y Pirita (P). The “hump” observed in X-ray diffraction pro-
file for the region between 10° and 40°, is a characteristic
pattern of X-ray diffraction corresponding to rock samples
rich in organic matter such as coal. This “organic hump” is
proportional to the content of organic matter in the sample
(Mandile and Hutton, 1995).
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Figure 4. Rietveld Refinement of X-ray diffraction Pattern, of a
natural mixture of carbon powder of Fe from high purity. K: Cao-
linite, G: Yeso, D: Dolomita, C: Calcita, Q: Cuarzo, P: Pirita.

The amount of ash and total sulfur determined by ASTM
methods-to natural coal were 25.1% and 2.2%, respectively.
The concentrations of the mineral phases identified in natural
coal, calculated of the Rietveld Refinement results for the
full pattern of X-ray diffraction, are reported in Table 2.
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Tahle 2. Refinement Rietveld results for the overall pattern
of X-ray diffraction of a sample of natural carbon.

Regist (PDF-
Phase Formula 1CSD) wt. %%
. . PDF 14-164
Kaolinita AH4A12 09 §8i2 1CSD 63192 243
PDF 33-311
Gypsum H4Ca 06 S 1CSD 2057 3.1
. PDF 36-426
Dolomita |C2 CaMg 96 ! 10SD 10404 1.8
. PDF 5-586
Calcita CCaO3 1CSD 16710 1.7
Quartz | O2i ey |13
.. PDF 42-1340
Pirita Fe 82 ICSD 43716 0.7
Total proportion crystalline mineral material 33.1

In Figure 5 are presented the calculated proportions of
crystafline mineral matter and crystalline mineral phases
for natural coal (Figure 5b) and beneficiated coal fractions
(Figures 5a and S5d), and fractions of mineral matter
concentration (Figure S¢ and 5¢). The results were obtained
from the quantitative analysis based on Rietveid Refinement
to the complete pattern of X-ray diffraction of the respective
samples. The results show that the crystalline mineral
matter represents a very important percentage of 33.1%
of the total composition of natural coal. Mineral phases
Caolinita y Cuarzo, are presented as foreign mineral matter
in proportions of 24.3% and 1.5%, respectively. Carbonates
Calcita and Dolomita are presented in the form of mineral
matter inherent in proportions of 1.7% and 1.8%, respectively.
Pirita and Yeso minerals are presented both as mineral matter
and mineral matter odd inherent in proportions of 0.7% and
3.1%, respectively.

The mineral distribution between mineral odd matter and mi-
neral matter inherent is associated with the amount of mine-
ral matter that can be removed, so it is important to calcujate
the potential impact that can have on the cleaning proces-
ses on.environmental quality, economic and technological
of analyzed coal. The results show a 22% reduction in total
sulfur content due to the first inorganic separation process
(Figure 5b and 5a). Pyritic sulfur removal is 71%, while it is
evidenced the mineral inherent matter character of the Yeso
phase due to an increase of 9.5% in the pyritic sulfur content,
assuming that the organic sulfur content was unchanged.

The heating value is the heat generated during the com-
bustion of coal. In Figure 5 are presented the comparisons

Cv=178503cal/g (&)

06 08 02
D c P

V= 5700.5callg (P}

31 18 17 15 o7
G D C Q P

CV=2356.3calfg (¢}

13.8 14.6
&7
G D C Q P

CV=6789.8calligd)

wt. %

3.4
i 08
b P
CV=4146.8 calig (e)
15.8
- 7.
B 13 1
Q P
Phase

Figure 5. Calculation of ratios of total crystalline mineral matter
of crystatline mineral phases presented for natural coal
(b), beneficiated coal fractions (a) and (d), and fractions of coal
mineral matter concentration (c) and {(e). T: Total, K: Caolinita,
G- Yeso, D: Dolomita, C: Calcita, Q: Cuarzo, P: Pirita.

between experimental measurements of calorific value (CV
en cal-g’ and the content (wt. %) of the mineral phases for
representative samples of natural coal, and beneficiated coal
fractions and fractions of coal mineral matter concentration.
It is interesting to notice, a decrease in the total of crystalli-
ne mineral matter of 38%, between the natural coal and the
beneficiated coal fraction, leading to an increased calorific
value of 71%. In coal combustion, product of the transfor-
mation during heating, Pyrite phase has a thermal effect of
exothermic nature with a value of +2193 cal-g’, while the
other phases have thermal effects of endothermic phase, with
the largest value associated with Calcite phase - 437 cal-g.

4. Conclusions

There are meaningful technological, environmental and eco-
nomic impacts due to the content of mineral matter in the
coals.

From the experience gained, it is stated that there is no
universal method that provides a complete mineralogical
description for coals. Each technique, X-ray diffraction,
Madssbauer spectroscopy, electron microprobe, etc, has ad-
vantages and limitations.
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In the combustion of coal, Pirita has an exothermic natu-
re effect, while the other mineral phases have endothermic
effects.
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REMOVAL OF PYRITE IN COLOMBIAN COALS BY USING
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ABSTRACT

Mejia J. A., F. Reyes Caballero, C. A. Palacio, E. De Grave, H. Olaya Dévila, S. A. Martinez Ovalle:
Removal of pyrite in colombian coals by using gamma radiation. Rev. Acad. Colomb. Cienc., 37 (1): 75-78, 2013.
1SSN 0370-3908.

In this contribution the results of a study by Mossbauer spectroscopy of the gamma-irradiation effect on the
pyrite phase present in two Colombian coals are reported. The coals were exposed to different gamma-irradia-
tion doses using a °Co source. It is known that the removal of sulfur from coal is necessary before using it as
an energy source. This requirement results from the various environmental issues that sulfur-bearing species
cause upon burning.

Key words: Pyrite, coals, gamma radiation.

RESUMEN

En esta contribucién se reportan los resultados de un estudio Mssbauer acerca del efecto de la radiacion gam-
ma sobre la pirita que esta presente en dos carbopes colombianos. Los carbones fueron expuestos a diferentes
dosis de radiacion gamma proveniente de una fuente de *Co. Se sabe que es necesaria la remocion del sulfuro
del carbdn para ser usado como fuente de energia. Este requerimiento viene de los diferentes problemas am-
bientales que causan los componentes que contienen sulfuro cuande son sometidos a altas temperaturas..
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1. Introduction

Sulfur is present in coals in different forms, which are either
elemental, organic or inorganic. In the case of the elemental
sulfur S, it is present only occasionally in trace amounts. In
the case of the organic sulfur, it is complicated to remove it
from the coal by physical methods because it is chemically
bound to the carbon matrix. Finally, in the inorganic case,
S can be found as sulfide or as sulfate. In the first situation
sulfur forms pyrite (FeS,) as the most common component
after it combines with iron in different ways. In the second
situation, various iron sulfates ¢.g., Rozenite (FeSO,»4H,0),
ferrous sulfate (FeSO,), Jarosite (XFe (80,),(OH),, etc. can
be found,, or S can also be found as calcium sulfate.

When studying coal materials, the *'Fe Mdssbauer spectros-
copy is a tool which is broadly applied. It is a non-destructive
technique, with a high sensitivity, that gives information of
the spectral parameters that are involved with the chemical
state of the iron (Fe) and to its local chemical environment.
By itself, the technique is very convenient for studying ma-
terials that contain combinations of iron compounds. Howe-
ver, in the Mdssbauer spectra (MS) the presence of diffe-
rent Fe minerals in the coal samples strongly overlap, which
makes the fitting very complicated. Also, the particle size,
crystallinity, and substitution of certain particular phase may
affect the hyperfine parameters of that individual Fe phase.
Hence, when the MS are fitted, these aspects should be taken
into account. These limitations can be handled by collecting
MS at different (low) temperatures.

The removal of iron-sulfur minerals from coals prior to their
combustion is necessary because these minerals cause sulfur
oxides SOx (i.e., SO,, SO,) to be released and these are asso-
ciated with environmental and health problems. In addition,
the relative amount of pyrite usually influences the formation
of agglomeration, corrosion, abrasion, tackiness. In prelimi-
nary works, methods used to remove Fe-8 minerals have been
examined. One method consists of a treatment with hot nitric
acid, whilst two other physical methods use flotation and hy-
drocyclone separation (Reyes & Martinez 2013). Some stu-
dies concerning desulfurization of Indian and Egyptian coaly
using gamma irradiation have been reported (Ram et al. 1997,
Tripathi ef al. 2011, Ahmed ef al, 2011),

In this work, the effect of gamma irradiation on the pyrite
phase present in two Colombian coals is studied by means of
Massbauer spectroscopy.

2. Experimental Procedure

Coal samples were obtained from the mines Guachinte (Va-
lle state) and Las Casitas (El Zalitre Zone, Boyaca state). The

chemical analyses and Mossbauer results at room_tempera-
ture of the samples were published elsewhere (Reyes ef al
2003, Reyes & Martinez 2013).

20 g of the coal samples were placed at a distance of 40 ecm
from a ®Co source which is part of a Theratron 780, Model
C146. At the time of the irradiation, the equipment presented
a reference rate of 118.48 ¢Gy min* at 80 cm distance from
the source. This equipment is located at the clinic for cancer
of the city of Tunja (Boyaca). Subsamples of the two coals,
approx. 1000 mg, were extracted after being irradiated with
284 Gy; and a second set of approx. 1000 mg was taken out
after receiving 1800 Gy. The samples were named GUAX
{Guachinte mine) and CASX (Las casitas mine), X being the
radiation dose.

Massbauer spectra (MS) in transmission mode were obtai-
ned from the samples at ~90 K, using a conventional spec-
trometer with constant acceleration drive and with a source
of ¥Co/Rh. The velocity scale was regularly calibrated by
acquiring a spectrum of standard o-Fe,0,. DIST3E program
was used for the analysis of the MS, which is based on hy-
perfine parameter distributions (Vandenberghe et al. 1994).
The mineral phase identification was made by comparing the
adjusted Mossbauer parameter values with the values repor-
ted in the literature for coals and also for pure compounds
(Huffman & Huggins 1978, Gracia et al. 1999).

Table 1, Mdssbauer results of the samples measured at 90 K.
The quadrupole shifts (2g,), quadrupole splittings (AE,) and
isomer shifts (3) are given in mmy/s, the hyperfine fields (H,,)
are in kOe and the areas (8) are given in %.

Sample Phase H,, 2e /AR, &% 8
Goethite 482.5 -0.25 0.47 32
Pyrite 0.62 0.38 25
GUA284 -
Jarosite 1.20 0.46 28
Kaolinite 2.73 1.41 15
Goethite 481.3 -0.23 0.49 31
Pyrite 0.62 0.38 24
GUAI1800 ;
Jarosite 1.20 0.46 36
Kaolinite 272 1.41 15
CAS284 Pyrite 0.63 | 0.30%% | 100
Pyrite 0.63%% 1030%*| 4
CAS1800
Iron Sulfate 1.78 0.87 96
* The vélues for the isomeric shift are referenced with respect to
a-Fe at room temperature.
**Fixed parameter
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3. Results and Discussion

Three doublets and a sextet were used to fit the MS from the
Guachinte mine samples, corresponding to the phases pyri-
te, jarosite, kaolinite and goethite, respectively (see Figure
1(a)). Compared to the spectrum of the non-irradiated natural
sample (Reyes ef al 2003), it shows that there is a reduction
of pyrite in favor of jarosite, kaolinite sulfates and goethite
for all radiation doses. The presence of goethite is due to the
highly oxidizing conditions. The hyperfine parameters of the
samples GUA284 and GUA1800 are listed in Table 1.

The resulting Méssbauer spectrum of the Las Casitas sam-
ple irradiated with 284 Gy (not shown here) is in agreement
with the spectrum for the natural coal (Reyes & Martinez
2013); which exhibits a unique phase associated to the mine-
ral pyrite (see Table 1). It means that applying such low dose
does not reduce the content of pyrite for this coal species. In
contrast, the spectrum obtained for the CAS sample after the
highest irradiation dose shows a significant reduction of the
pyrite phase, accompanied by a major contribution of jaro-
site (see Figure 1(b}}. The prominent doublet corresponding
to jarosite has high values of the isomer shift and quadrupole
splitting (Table 1). This can be explained by the presence in
the structure of high spin Fe™* (Ahmed et al. 2011).

100 -
100.0
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@ 996
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= P Jarosite ) i 1
& {073 Kaolinte | Jarosite § :
= : :
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Figure 1, Mossbauer spectra at ~90 K obtained for the samples
from (a} Guachinte and (b} The casitas after gamma irradiation gf
1800 Gy.

Taking into account the differences between the Mdssbauer
results for each coal and comparing the chemical properties
of them (Reyes et al 2003, Reyes & Martinez 2013), the
effect of the irradiation is strongly correlated with the chemi-
cal features such as mineral matter, ash, and sulfur content.

In the energy range of 100 keV -10 MeV the radiation ab-
sorption is primarily due to Compton effect. In this case, ap-
proximately 99% of the gamma photons emitted from the

#Co exhibit an energy of 1.17 MeV, and this radiation inte-
racts with the sulfur. The S electronic configuration allows
energy transfer from the photons to the S species, thus achie-
ving the desired effect on the Fe-S minerals. This effect can
be explained by the gamma radiolysis of the water present
in the coals:

¥ Rays

H,0 = H*e,

water ?

OH*,H,0" ,H,0,,H, (1)

Due to the presence of oxygen other products also can be
formed. These radiolitic products generate an oxidizing at-
mosphere. It is expected that if the oxidation increases, the
content of sulfides decreases in favor of ferrous and ferric
sulfates and possibly a formation of oxyhydroxides takes
place.

4, Conclusions

A high gamma radiation dose has been applied to coal sam-
ples obtained from two different Colombian mines. The sam-
ples, initially with high and low values of pyritic sulfur con-
tent, have been irradiated with the purpose of reaching their
desulfurization. The Mossbauer results indicate that with the
given radiation dose, the desired effect is only partly achie-
ved, the sulfides being not fully removed. These finding su-
ggests that the high costs and processes to obtain radioactive
sources, and the physical changes, in locative terms, which
are necessary for handling them would make the applica-
tion of this method of desulfurization non-practical for ther-
moelectric companies that use coal for their fuel.
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ELECTROCHEMICAL STUDIES OF THE CORROSION
RESISTANCE OF BISMUTH TITANATE THIN FILMS DEPOSITED
BY RF SPUTTERING

ESTUDIOS ELECTROQUIMICOS DE LA RESISTENCIA A LA
CORROSION DE PELICULAS DELGADAS DE TITANATO DE BISMUTO
DEPOSITADO MEDIANTE SPUTTERING RF

Manuel Jonathan Pinzén Cirdenas™", Jhon Jairo Olaya Florez™", José Edgar Alfonso Orjuela™""

ABSTRACT

Pinzén Cardenas M. J., I. J. Olaya Florez, J. E. Alfonso Orjuela: Electrochemical studies of the corrosion
resistance of Bismuth titanate thin films deposited by RF sputtering. Rev. Acad. Colomb. Cienc., 37 (1): 79-84,
2013. ISSN 0370-3908.

Thin films of Bismuth titanate were grown on stainless steel (3161) and titanium alloy (Ti6Al4V) substrates,
using the magnetron sputtering technique. The surface morphology of these films was observed with a scan-
ning electron micrograph (SEM). The electrochemical studies used to evaluate the corrosion resistance of
the substrate-coating set were the potentiodynamic polarization (Tafel) tests and electrochemical impedance
spectroscopy (EIS), both done in a solution of NaCl (3%) as an electrolyte. The SEM showed that the morphol-
ogy of the coatings grown on a titanium alloy Ti6Al4V subsirate were in general homogenecus with a smooth
surface but with un-melted material in some regions, while the morphology of the thin films grown on stainless
steel 316L was mainly granular, with the presence of a few holes or craters. The potentiodynamic polarization
curves showed that the corrosion resistance of the coated samples was better than that of the bare substrate,
because the corrosion current obtained from the coated samples was lower by two orders of magnitude than that
exhibited by the uncoated substrates, and in addition the corrosion potential of the coated samples was greater
than that of the bare substrate. The EIS test showed the presence of a passive thin film of titanium oxide on the
titanium alloy substrate. 3

Keywords: Bismuth Titanate, Thin films, Sputtering, Corrosion.
RESUMEN

Peliculas delgadas de Titanato de bismuto fueron crecidas sobre substratos de acero inoxidable (316L) y alea-
cidn de titanio (Ti6A14V), utilizando la técnica de magnetrdn Sputtering. La morfologia de estas peliculas fue
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observada con microscopio electronico de barrido (MEB). Los estudios electroquirmicos utilizados para evaluar
la tesistencia a la corrosién del conjunto substrato-recubrimiento fueron la prueba de polarizacién potencio-
dinémica (Tafel) v la espectroscopia de impedancias electroquimicas (EIS), ambas pruebas fueron hechas en
una solucién de NaCl (3%) como elecirolito. El MEB mostro que la morfologia de los recubrimientos creci-
dos sobre substratos de aleacion de titanio Ti6AMV fue homogénea en general con una superficie suave pero
con presencia de material sin fundir en algunas regiones, mientras que la morfologia de las peliculas crecidas
sobre acero inoxidable 316L fue principalmente pranular, con la aparicidn de algunos crateres. Las curvas de
polarizacion potenciodinimica muestran que la resistencia a la corrosion de las muestras recubiertas fue mejor
que la de las muestras sin recubrir ya que la corriente de corrosién obtenida de las muestras recubiertas fue dos
érdenes de magnitud menor que la exhibida por las no recubiertas, adicionalmente el potencial de corvosion fue
tayor en las recubiertas que en las no recubiertas. El ensayo de EIS mostro la presencia de una capa pasiva de

oxido de titanio en la superficie de los substratos de aleacién de titanio.

Palabras clave: Titanato de bismuto, pelicutas delgadas, Sputtering, Corrosién.

1. Introduction

Bismuth titanate compounds (Bismuth titanate) are present
in different crystalline configurations [1], such as sillenite
[2], aurivillius (Layered-Perovskite) [3, 4], and pyrochlore
[5), as well as in the amorphous phase [6]. These configu-
rations have been studied extensively for many years due to
their versatility in fields such as electronics and optics. For
instance, the sillenite structure (Bi ,TiO,,} exhibits high pho-
tocatalytic activity in many reactions as a photo-degradation
of methyl orange under UV-light [7], and also has photore-
fractive and photoconductive properties, which make it an
optically active material and allow it to exhibit electro-optic,
piezoelectric, and elasto-optic effects that are interesting for
use in applications such as optical memories and dynamic
holography [8, 9]. Meanwhile, the aurivillius phase of bis-
muth titanate (Bi,Ti,0 ) exhibits interesting properties at
high temperatures (< 948 K), such as piezoelectricity and
ferroelectricity, making it attractive for devices such as
transductors and actuators, as well as for the automotive, ae-
ronautic, and aerospace industries [3]. Furthermore, thanks
to its reversible polarization, high dielectric constant, and
electro-optic switching behavior, this compound is the ob-
ject of special attention for applications such as non-volatile
memories, capacitors of dynamic random-access memories,
optical displays, and pyro-electric devices [10, 11]. The
pyrochlore structure (Bi, Ti,0.) has been the object of studies

intended to take advantage of its optical properties and pho-

tocatalytic activities under visible-light [12]. Other research
in this direction has proposed this compound as a material
for use in the fabrication of advanced MOSFET transistors,
taking advantage of its permittivity (relatively high) and low
current leakage [13]. The foregoing information recounts a
small part of the large number of studies done on the struc-
tural behavior, optical properties, and electrical properties of
bismuth titanate. However, the number of studies devoted to
the corrosion resistance and the electrochemical behavior of
these materials is still very small. Therefore, in the present

paper we present the results of the corrosion resistance of
bismuth oxide grown in the form of a thin film.

2. Experimental Details

The equipment used to grow Bismuth titanate thin films was
an Alcatel HS 2000 RF sputtering system with a balanced
magnetron 4 in diameter. The Bismuth titanate thin films
were obtained from a 4” x 1/4” Bi,Ti,0,, (99.9%) stoichio-
metric target. The parameters used during the deposition
process were: base pressure 4.0x10° mbar, total working
pressure 7.4x10° mbar, power applied at the target 150W,
substrate temperature 623K, gas flow (Argon) 20 sccm, de-
position time 30 min., and target-substrate distance 2”°. The
preparation of the samples was carried out in the following
order: cleaning of the samples by immersing them in isopro-
pyl alcohol in an ultrasonic bath for 5 min., drying (with dry
air), mounting of the samples on the galvanic cell, and finally
placing the galvanic cell inside a Faraday cage in order to
minimize the effects of the magnetic and electrical fields in
the environment. Analysis of the potentiodynamic polariza-
tion curves was done with GamryEchem Analyst software.
The equipment used to carry out the potentiodynamic polari-
zation tests and the electrochemical impedance spectroscopy
(EIS) was a Gamry Instruments reference 600 potentiostat
with a three-electrode configuration, The reference electrode
used in this test was a Saturated Calomel Electrode (SCE),
accompanied by a Platinum electrode as an auxiliary elec-
trode, and as working electrodes the samples were used. For
both corrosion tests a 3% solution of NaCl was used.

3. Results and Discussion

Under the experimental conditions in which the bismuth ti-
tanate thin films (T, = 623 ) were grown, the XRD studies
did not show a crystalline structure, because the temperatu-
re needed for crystallization was not reached, neither in the
aurivillius nor in the pyrochlore phase (> 773K) [14, 15].
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Furthermore, annealing was not was carried out, due to the
fact that the sensitization temperature of the stainless steel
substrate and the exposition time of the sample to this tempe-
rature didn’t allow it, and neither was it done for the titanium
alloy substrates, in order to maintain the same experimental
conditions for both substrates,
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Figure 1. SEM of the surface of Bismuth titanate coating grown
on stainless steel 316L (left) and titanium alloy TISAI4V (right).

The SEM (Fig. 1a) shows the surface of the Bismuth titana-
te coating on stainless steel 316L, in which one can obser-
ve that the morphology of the thin film is mostly granular;
however, it also can be noted that there are a few holes or
craters, which probably were formed through the re-sputte-
ring effect. The grains that form the thin film have a size in
the range of 0.028 to 0.17 pm?, while the holes or craters
have a size in the range 0f 0.22 0 1.1 pum?. The SEM (Fig. 1b)
shows the surface of the Bismuth titanate coating on titanium

alloy Ti6Al4V, in which one can observe that the morpholo-
gy of the thin film is homogeneous. However, it can also be
noted that there is some un-melted material, which probably
is due to the fact that the temperature is not homogeneous on
the surface of the substrate,

E (V vs. SCE)
S
N

0.4 1

-0.6 9

T Al 1 L] T Al 1 L ai
106f  1p  10p 100p 1n  10n 10Cn tp  10p
HA)

Figure 2. Potentiodynamic polarization curves obtained from
stainless steel 316L substrate (black line), bismuth titanate thin
film on stainless steel substrate (orange line}, titanium alloy
Ti6Al4V substrate (blue line) and bismuth titanate thin film on
titanium alloy TiGAI4V (green ling).

The potentiodynamic polarization curves obtained from the
samples of stainless steel 316L. (Fig, 2, uncoated: black cur-
ve, and coated with BiTIO film: orange curve) show that the
corrosion current (i) decreases and the cotrosion potential
(Ecorr) increases in the samples coated with bismuth oxi-
de with respect to the uncoated samples. This is due to the
fact that the thin film exhibits a protective behavior, since we
found that the film surface is composed of Bi,0, and TiO,,
the latter oxide being a protection against corrosion [16, 17].
However, it is worth noting that although both i _and E,__
improved considerably with the application of the thin film
onto the substrate surface, the appearance of possible pitting
corrosion {current increase at the anodic region) oceurs at a
lower potential with the coating than without it. This beha-
vior is due to the fact that the Bismuth titanate film is formed
with holes through which the electrolyte penetrates.

Moreover, the potentiodynamic polarization curves obtai-
ned for the titanium alloy (Fig. 3, substrate: blue curve, and
coated sample: green curve) shows that the coated sample
exhibits a decrease in the corrosion current (i ) and an in-
crease in the corrosion potential (E ) with respect to the
uncovered samples, which is mainly due to the passive film
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Figure 3. Bode diagram obtained from stainless steel 316L
bare substratum.

of TiO, spontaneously grown on the titanium substrate, since
it behaves as a protective thin film [18]. It is noteworthy that
the behavior of the anodic region of the titanium alloy and
of stainless steel is very different, since in the first substrate
there is a passivation zone that is not present in the stainless
steel substrate.

Bode plots for the stainless steel 316L substrate (Fig. 3) and .
the Bismuth titanate coatings (Fig. 4) show the immersion
time in the corrosive electrolyte, which shows the presen-
ce of a relaxation time at high frequencies, representing the
dielectric nature of the coating and the passive film formed
on the substrate. This layer is generated by diffusing oxygen
from the electrolyte onto the substrate surface through per-
meable paths (pores and defects), forming a thin film of low
conductivity whose capacitance has a dielectric constant
approximately to the coating. The variation in the height of
the peak of the relaxation times at high frequencies suggests

Figure 4. Bode diagram, obfained from stainless steel 316 substra-
tum coated with a thin film of Bismuth titanate.

that the electrochemical properties of the systems tested are
affected by the exposure time. In general, the coatings had
higher impedance module values by one order of magnitude,
at a frequency of 10?2 Hz, compared to the bare substrate.
Such a Bode pattern possibly was due fo the formation of a
dense and compact structure that reduced the number of de-
fects such as cracks, pinholes, and pores within the coatings,
thereby further restricting corrosive electrolyte diffusion.
The relatively small changes observed in the Bode spectra
suggest considerable electrochemical stability for the coa-
ting due to the obstruction of defects by means of the corro-
sion products.

In summary, the steel subsfrate shows an increase in the im-
pedance module when the immersion time is reduced, be-
cause the electrolyte diffusion through the coating took less
time, producing a dense, passive, low-conductivity oxide
film at the bottom of the permeable defects, exhibiting a ca-
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Figure 5. Bode diagram obtained for titanium alloy Ti6 Al4V bare
substratum.

pacitive behavior very similar to that of ceramic coatings.
This behavior led to substrate surface passivity, which could
dominate the corrosion process at the coating/substrate inter-
face. However, increased immersion time expands the area
of the pores in the coating, producing greater penetration of
the corrosive solution toward the substrate surface, which
produces localized corrosion. -

A similar Bode pattern was seen for the titanium alloy
Ti6Al4V substrate (Fig. 5} and the Bismuth titanate coatings
(Fig. 6). However, the plots show one constant time, repre-
senting the capacitive response of the coating and the passive
titanium alloy film. The relaxation time position remains
unchanged, indicating no significant degradation of the
coating as a function of testing time. The film deposited on
Ti6Al4V exhibited the highest impedance module (~7x10%Q)
at 10-2 Hz) of all the coatings evaluated in this investigation,

Figure 6. Bode diagram obtained for titanium alloy Ti6A14V
substratum coated with a thin film of Bismuth titanate..

probably due to the strong influence of electrochemically
inert passive films formed on Ti6AI4V.

4, Conclusions

Bismuth titanate thin films were grown on stainless steel
(316L) and titanium alloy (Ti6Al4V) substrates through
the rf magnetron sputtering technique, and their corrosion
resistance was assessed via electrochemical techniques (po-
tentiodynamic polarization and electrochemical impedance
spectroscopy). These films exhibited a granular morphology
with few craters for the stainless steel 316L, and un-mel-
ted material for the titanium alloy Ti6Al4V substrate. The
electrochemical mechanisms that explain the increase of the
corrosion resistance for the coated titanium alloy substrate
obey the formation of the TiO, passivation layer, whereas for
the coated stainless steel substrate the pitting currentis due to
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the penetration of the electrolyte through the holes present
on the surface of the films.
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DETERMINATION OF THE KINETIC PARAMETERS OF
THERMOLUMINESCENT GLOW CURVES OF SINTERED AL,O,
PILLS BY THREE POINTS METHOD

DETERMINACION DE LOS PARAMETROS CINETICOS EN CURVAS
DE BRILLO TERMOLUMINISCENTES DE PASTILLAS SINTERIZADAS
DE AL,0,POR EL METODO DE LOS TRES PUNTOS

Mara Edith Pérez Diaz*, Rafael Ricardo Cogollo Pitalia*, Omar Dario Gutiérrez Florez**

ABSTRACT

Pérez Diaz M. E.*, R. R. Cogollo Pitalaa, Q. D. Gutiérrez Flérez: Determination of the Kinetic Parameters
of Thermoluminescent Glow Curves of Sintered ALO, Pills by Three Points Method. Rev. Acad. Colomb.
Cienc., 37 (1): 85-89, 2013. ISSN 0370-3%908.

The three points analysis method, proposed by Rasheedy, was applied to separate a complex thermolumines-
cence (TL) glow curve into its individual components and determine, for each component, the kinstic para-
meters. These are the order of kinetics b, the activation energy E (eV), and the pre-exponential factor $”(s-1)
associated with the TL glow peaks in sintered pure ALO, pills in response to gamma irradiation. The three
points analysis method indicated that the glow curve of this material is the superposition of three general-order
components, in which, the recombination processes predominates over retrapping processes.

Key words: alumina dosimeters, kinetic parameters determination, three points method.

RESUMEN

En este trabajo se aplico el método de los tres puntos, propuesto por Rasheedy, para separar una curva de brillo
termoluminiscente (TL) compleja en sus componentes individuales y determinar, para cada componente, los
pardmetros cinéticos. Estos pardmetros son ¢l orden cinético b, Ta energfa de activacion E (V) y el factor pre-
exponencial §"'( 5", asociados con las curvas de brillo TL en pastillas puras sinterizadas de AL O, expuestas a
radiacién gamma. El andlisis con el método de los tres puntos indicéd que la curva de brillo de este material se
debe a la superposicion de tres componentes TL de orden general, en los cuales, los procesos de recombinacién
predominan sobre los procesos de reatrapamiento.

Palabras clave: dosimetros de alimina, determinacion de pardmetros cinéticos, método de los tres puntos,
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1. Introduction

Thermoluminescence dosimetry has found a very important
use in clinical, personal and environmental monitoring of
ionizing radiation [McLaughlin et al., 1989; Daniels et al.,
1953; Vaijapurkar, Bhatnagar, 1993; Mckeever et al., 1995;
Rasheedy et al., 2007; Kortov, 2007; Pérez, 2010]. Alumi-
num oxide is a promising alternative to the thermolumines-
cent materials currently used for in vivo dosimetry in quality
control programs. The interest in alumina increased with the
development of new materials on the basis of its structure,
like -ALO,:C, which contain oxygen vacancies and provide
a high TL sensitivity [Pérez, 2010; Rocha et al., 2003].

In the TL materials, the kinetic analysis of TL glow curves
allows to study its dosimetric properties [Daniels, 1953;
Mckeever, 1995; Pérez, 2010]. Additionally, a TL glow
curve usually corresponds to a superposition of one or more
curves (complex curve), and this disables to apply the con-
ventional methods for isolated TL glow peaks. In order to
analyze complex TL glow curves, Rasheedy has introduced
the three points method for separating a complex curve into
its TL individual components and to evaluate the kinetic pa-
rameters for each component [Rasheedy, 2007; Pérez, 2010;
Rasheedy, 2005].

In this paper we determine, employing the three points meth-
od (TPM), the kinetic parameters in the TL glow curves ex-
-hibited by the alumina studied. The glow curve of this mate-
rial includes three overlapped glow peaks.

2. Experimental

2.a. Processing

Commercial Alumina (W. R. Grace & Co-Conn) was used
to prepare sintered pure ALQ, pills of 2.5 mm of radius and
1 mm of thickness. The powder was initially cold-pressed
(2 ton) and then sintered at 1000°C in air for 3 h; later the
pills were milled, compacted and sintered again at the same
conditions.

2.b. Thermoluminescence tests

Irradiations of samples, using absorption dose of 10 Gys,
were carried out in air at room temperature using a Theratron
780C-**Co unit at a distance of 80 cm relative to the source,
in a radiation field of 10 x 10 cm?. The samples were placed
between two acrylic plates of 5 mm of thickness, with the
purpose of reaching the conditions of electronic equilibrium.
Thermoluminescence measurements were performed using a
commercial Harshaw TLD 4500 dosimeter manufactared by
Bicron®, using a linear heating rate of 5 Ks'! from 50 °C up

to 360 °C. The readings were carried outin a N, atmosphere
in order to eliminate the infrared contribution due to the
heating and to reduce the moisture effects. In order to reduce
the residual signal of the material before each irradiation,
allowing their re-utilization, samples were then annealed at
400 °C/1h (heating rate of 12.5 K/min), followed by cooling
in air until to reach room temperature.

2.¢, Structural and thermoluminescent analysis

Sinterized samples were characterized by means of X-ray
diffraction (XRD). The diffractograms were obtained at
room temperature by means of a X'Pert PRO (PANalytical)
diffractometer using a copper source K %=1.54056 A to a
sweeping rate of 0.026%s,

Glow curves obtained were analyzed using the TPM propo-
sed by Rasheedy [Pérez, 2010; Rasheedy, 2005], for obtai-
ning the kinetic parameters of the individual glow peaks in a
complex glow curve. These parameters include the order of
kinetics b, the activation energy £ (eV), the pre-exponential
factor 8 () and the initial concentration of trapped elec-
trons n, (em?).

Figurel, Parameters [, Iy, LT, Ty y T, in an isolated

TL glow peak [Rasheedy, 2007].

This technique is applicable in TL curves consisting of mul-
tiple peaks and determines, by a general equation, the order
b based on a set of three data points in an experimental TL
glow curve (see Fig. 1), considering that for general order
kinetics, the behavior of TL intensity of a phosphor is gover-
ned by the following equation [Rasheedy, 2007; Rasheedy,
2005]:
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I——@——Eb—Sex £
TTa o N ot ) (1)

Where [ (in arbitrary units) is the TL intensity, » (cm®) the
electron concentration trapped at time ¢ (s), N (cm %) the traps
concentration and & (eV/K) is the Boltzmann’s constant. The
solution of Eq. (1) for 5#1 is given by:

n,S"exp(~E/ kT

[l+[((b-—1)S")/ﬁ] [ ewp(-E/ kT T ]

I=

B/ (b-1) )

Where 8 (Ks™') is the linear heating rate and », (cm) is the
concentration of traps populated at the starting heating tem-
perature 7T, (K). The pre-exponential factor §” (s”), which is
defined as S”=S(n /N)*' is constant for a given dose, but it
varies with changing the absorbed dose, i.e., with », With
equation (2) and the parameters b, E and S, it will be pos-
sible to simulate the TL response in the alumina matrices
studied.

From the TPM, the order of kinetics b is given by:

po BIL-TWO)-TIL-TVn)

T, - T]lnbj T|IT. T]ln{jz:l

Where 4, A and 4 indicate the areas under the glow peak
from the temperatures rtwfl, T to] and T, to T, respec-
tively. There are not any relauons between the mtensmes at
which 7, T and T exist. Also, T _can antecede T, (and/or 7))
Qr vice versa The values of y and z are given by y I/ I, and
z=1/1_The activation energy E is given either by

Or by
E ={(lnz)~binl 4,/ 4,1} {TETTTF} )

Now, with b and £ parameters the pre-exponential factor §”
is given by:

. BEexp(E /KT ) 6
[BAT* - (b-1)EDexp(E [ kT,) ©)

m m

Where T _(K) is the temperature corresponding to the maxi-
mum intensity, I , of the glow peak and,

0 [ en( 75 )ar ™

Finally, inserting (6) into (2) can be obtained an analytical
expression for

pkrzst Y ®
BEexp(E/ kT )

_ L exp(E/kT)
2 SII

In equation (8), the parameters &, E, §” y f§ are known, and
the values of 7 and 7, can be obtained from experimental
glow curve.

The quality of Rasheedy’s fit has been tested with the figure
of merit (FOM) [Bos et al., 1994], where FOM is given by

100 ‘ yexperimcnra! - yﬁr i
Area,,

FOM = Z,, 9)

Whete ¥, inenta and y, represent the experimental data
and the values of the fitting function correspondingly. The
summation extends over all the available points and Area,,
represents the integral of the fitted glow curve. Glow cur-
ves with FOM values in excess of 5%, must be examined by
another technique of deconvolution, because in these cases

the fit is not as accurate.
3. Results

3.a. Structural and thermoluminescent analysis

Crystalline phase analysis (Fig.2) by means of Rietveld refi-
nement [Pérez, 2010], revealed the presence of the e-alumina
with rhombohedric structure and lattice parameters a=b=
4.75793 A, ¢ =12.989945 A; and approximate crystal size
of 2038.9 A.

3.b. Kinetic analysis

Figure 3 shows the whole experimental TL glow curve obtai-
ned for the alumina samples.

Let us start with obtaining the kinetic parameters of the high-
er temperature peak, labelled peak 1. The value of b for this
peak is calculated according to Eq. (3) at randomly selected
Tx, Ty and Tz points of the rising and descending part of this
peak, since the peaks 1 and 2 don’t exhibit important over-
lapping. The activation energy E is determined according to
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Figure 2. XRD pattern of the phase present into alumina samples.
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Figure 3. Experimental TL Glow Curve of alumina samples.

Eqgs. (4) or (5), while the pre-exponential factor §” is esti-
mated according to Eq. (6). Finally, the relative value of n_ is
estimated according to Eq. (8). Later, we used the resulting
parameters, B, b, E, §” and #_in Eq. (2) to fit the experimen-

tal glow peak 1 into a theoretical one. Then, the theoreti-*

cal peak I was subtracted from the experimental glow curve
and, over the remaining experimental glow curve, the men-
tioned procedures were repeated to obtain the kinetic param-
eters for peak 2 (employing in this case only the points of the
descending part) and, once again, to obtain these parameters
for the last peak 3. It is worth mentioning that, first, twenty
runs of the TPM were executed in order to obtain average
values of the kinetic parameters to generate each theoretical
peak; and second, three theoretical peaks were enough to fit
and to describe the whole experimental TL glow curve.

1000000 -
2 | = Experimental curve
b { - Theoretical glow Curve
800000
: FOM =m
600000~
E)
8
" 400000+ :
;
2000004 x
- n

X L L] T L3 L
350 400 450 500 550 600 630

Temperature (K)

Figure 4. (a) Theoretical peaks obtained by TPM. (b) Experimen-
tal and fitted (summation of the theoretical peaks 1-3) curves.

Fig. 4(a) shows the three theoretical peaks and the whole
experimental glow curve. As shown in Fig. 4(b), the summa-
tion of theoretical peaks, fits well to the experimental glow
curve (FOM value < 5%).

In the table 1 the kinetic parameters of each theoretical peak
are listed. From the kinetic order &, it can be seen that re-
combination processes prevails over retrapping processes for
peak 1 and 3, while for the peak 2 both processes occur.

On the other hand, the values of the activation energy for
each peak are in agreement with the experimentat observa-
Flc?nl since £ > E 2™ B Similarly, the values of the
initial concentration of trapped electrons n_, show an agree-

ment between their increment and the intensity of each peak,
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Table 1. Experimental and kinetic (by TPM) parameters for
peaks 1-3

Parameters Peak 3 Peak 2 Peak 1
Tm (K) 442 543 622

I (a.u) 9.28E+05 1.41E+05 1.29E+05
TO (K} 323 444 544

b (K/s) 5 5 5

b 1.45 1.52 1.32

£ (eV) 1.15431 1.3757 1.62579
57 (s-1) 4 86E+12 1.46E+12 3.58E+12
no (cm-3) 8.46E+06 1.6TE+06 1.56E+06
FOM (%) 2.01

since this parameter is proportional to the maximum Intensi-
ty of the TL peak.

4. Conclusions

The FOM value indicates that the three point method is valid
as deconvolution analysis for the alumina investigated.

The three points method shows that experimental TL glow
curve of alumina, only consists of three types of energy
traps, since the overlapping of the theoretical peaks doesn’t
reveal the appearance of another signals.

The kinetic order indicates that the recombination prevails
on the retrapping in the three types of energy traps that com-

pose the experimental TL glow curve of alumina samples.
Alihough for the “Peak 27 the method proposes a mixed
deactivation mechanism in which the recombination prevails
on the retrapping (b~1.5).
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PHYSICS

CHARACTERIZATION OF CR/CRN NANO MULTILAYERS
OBTAINED THROUGH REACTIVE SPUTTERING WITH
DIFFERENT DEGREES OF UNBALANCE IN THE MAGNETRON

CARACTERIZACION DE NANOMULTICAPAS DE Cr/CtN
OBTENIDAS POR SPUTTERING REACTIVO CON DIFERENTES
GRADOS DE DESBALANCE EN EL MAGNETRON

Ulises Piratoba Morales®, Jhon Jairo Olaya Flérez™

ABSTRACT

Piratoba Morales U., J. J. Olaya Flérez: Characterization of Cr/CrN nano multilayers obtained through reac-
tive sputtering with different degrees of unbalance in the magnetron, Rev. Acad. Colomb. Cienc., 37 (1): 90-93,
2013. ISSN 0370-3908.

Nanoscale hard coatings of bitayers of Ct/CiN were obtained and characterized through unbalanced magnetron
sputtering (UBMS} in an atmosphere of Ar and Ar + N, on silicon and hardened and tempered H13 steel, with
a degree of unbalanced K, between 0.87 and 1.37. The deposition parameters were as follows: a power of 160
watts, Ar and N, flow rates of @ and 3 scem, and a substrate target distance of 5 em. A Gencoa VT 100 magne-
tron with varying degrees of unbalance, obtained by displacing its central magnet, was used. The electrochenti-
cal behavior of these coatings was characterized using the technique of potentiodynamic anodic polarization.
The coatings® microstructure and hardness were analyzed via X-ray diffraction (XRD) and nanoindentation
tests; Cr, CrN and Cr,N phases were obtained, with a hardness that increases with the degree of unbalance
between 18.90 and 24.97 GPa.

Key words: Hard coatings; Ct/C1N, Sputtering; Unbalanced magnetron.

RESUMEN

Se obtuvieron y caracterizaron recubrimientos duros a escala nanométrica, de bicapas de Cr/CrN, mediante
sputtering con magnetrén desbalanceado (UBMS) en atmésferas de Ar y Ar + N, sobre silicio y sobre acero
H13 endurecido y templado, con grados de desbalance KG entre 0.87 y 1.37. Los pardmetros de la deposicion
fueron los siguientes: una potencia de 160 vatios, flujos de Ar y N, de 9 y 3 sccm y una distancia blanco-
sustrato de 5 em. Se utilizé un magnetrén Gencoa VT 100 con diversos grados de desbalance, obtenidos por el
desplazamiento de su imén central, E] comportamiento electroquimico de estos recubrimientos se caracterizo

* Escuela de Fisica, UPTC Tunja, Colombia
#*  Departamento de Ingenieria Mecénica y Mecatronica, Universidad Nacional de Colombia, AA 5997 Bogota, Colombia
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mediante la téenica de polarizacién anédica potenciodinimica. La microestructura y dureza de las multicapas
fueron analizadas mediante difraccion de rayos X (DRX) y andlisis de nanoindentacion; se obtuvieron fases de
Cr, CrN y Cr2N, con durezas entre 18.90 y 24.97 GPa que aumentaron con ¢l grado de desbalance.

Palabras clave: Recubrimientos duros; Cr/CrN, Sputtering; Magnetrén desbalanceado.

1. Introduction

Chromiurm, hard chromium, and chromium nitride are well
known as coatings for protection of metallic materials [1,
2]. Titanium nitride (TiN) has been extensively researched
and positioned as a prototype for hard coatings. TiN is now
still being widely used in protective coatings for bearings,
gears, and cutting and forming tools. However, the fracture
toughness and the oxidation resistance of TiN coatings are
not satisfactory for many advanced engineering applications,
and it has been replaced in many advanced applications by
CrXN. Although the hardness of CrIN is slightly lower than
that of TiN, its performance is superior in other ways: it has
a lower friction coefficient, increased wear resistance, and
a toughness that prevents crack initiation and propagation;
CtN has a higher resistance to oxidation, erosion and corro-
sion [3, 4, 5, 6], is more stable at high temperatures, grows
with lower residual stresses, and can achieve growth rates up
to 3 times higher than TiN [7, 8]. New hard coatings have
been obtained by the addition of further elements to produ-
ce ternary or quaternary systems [9] or nanoscale multila-
yers that increase the hardness and toughness as the period
is reduced. Coatings with alternating configurations of pure
metal and metal nitride exhibit superior mechanical and tri-
bological properties [10,11,12].

The efficiency of the physical vapor deposition (PVD) pro-
cess and the deposits’ characteristics have been improved by
applying magnetic fields in order to concentrate the plasma
around the target, increasing the ionization processes. Unba-
lanced magnetron sputtering (UBMS) is one of the most
effective systems for depositing high-quality coatings, as a
consequence of the higher ion current densities and enhanced
ion bombardment available during the deposificn process.
This bombardment causes a small warming in the substrate
and provides the energy that facilitates the diffusion proces-
ses of adsorbed atoms, forming layers with a lower density
of defects, especially vacancies, and lower residual stresses.
Many of the articles on UBM provide little information on
the relative intensities of the two magnetic poles or on their
geometric arrangement; a systematic study of these aspects
and their correlation with the coating’s properties is therefore
relevant. In the present paper, Cr/CrN nano-multilayers were
obtained with five values of KG [13], combining the advan-
tages of the wear resistance of nitride and the corrosion re-

sistance of Cr-based coatings, in order to study the influence
of these coatings on performance.

2. Experimental Procedure

Cr/CIN nano-multilayers were deposited with non-commer-
cial equipment using the UBM technique, which consists of
a stainless-steel cylindrical chamber provided with a pum-
ping system {a rotary vane mechanical pump and a turbo
molecular pump); the system had a Gencoa sputter VT 100
unbalanced cylindrical magnetron, which allowed varying
the magnetic field through a variation of the distance bet-
ween the internal magnet and the target. A Cr disk with a
4> diameter that was 1/8” thick and had 99.95% purity was
used as a target, and was located 50 mm from the substrates,
which was sputtered using an MDX 1K DC power supply
(Advanced Energy), working at 160 watts power regulation
mode. A shutier was located between the target and the sam-
ple surface at each interval in order to stabilize the deposition
pressure before growing the corresponding layer; base pres-
sure was less than 1x10-3 Pa and all multilayers were grown
at room temperature. Table | summarizes the experiments’
deposition conditions. Multilayers were deposited onto H13
steel and Si(100) substrates; metallic substrates were machi-
ned into disks with a 15 mm diameter and a 2 mm thickness
and were polished to a mirror finish with alumina paste; pre-
viously, they had been subjected to quenching and tempering
processes in order to increase their surface hardness. Before
introducing the substrates into the deposition chamber, all
substrates were cleaned in an ultrasonic bath of ethancl and
then in acetone. Twenty-five Ct/CrN bilayers were deposited
with a thickness of approximately 40 nm each on a Cr layer
of approximately 100 nm. The electrochemical behavior was
evaluated with the potentiodynamic anodic polarization test,
carried out on a three-electrode cell in which the samples
were connected to a working electrode; an Ag/AgCl referen-
ce electrode and a platinum counter electrode were used. The
exposed area was 0.196 cm2. After | h of sample immersion
in a 3% NaCl solution, scans were conducted in the —250 to
1000 mV range using a 3 mV/s scan rate, with a PC1/300 Ga-
mry potentiostat. Coating surface hardness (H) and Young’s
modulus (E)} were measured using a CSM nanohardness
tester, related to ISO 14577 (CSM Instruments SA Switzer-
land). In this experiment, a 5 mN maximum load was selec-
ted, and the linear loading/unloading rates were kept at 10
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the Oliver and Pharr method [14]. The hardness and Young’s
modulus measurements were calibrated using a fused silica

mN/min. Young’s modulus (E) was obtained from the slope

of the unloading part of the load-displacement curve using

Table 1. Coating process variables and the results of the nanohardness H and the elastic modulus E, where I is the discharge

current and P is the work pressure,

standard sample.

Sample K, Monolayers KmA) P (Pa) H (GPa) E (GPa)

1 1.37 CrN [Cr} 467 [447] 0.67 [0.53} 18.905+2.337 289.9+32.4

2 1.25 CN [Cr] 467 [448] 0.67 [0.525] 22.094+1.233 293.6234.5

3 1.12 CrN {Cr} 442 [427] 0.68 [0.53] 23.141£2.055 311.9+20.3

4 1.00 CrN [Cr] 428 [416] 0.68 [0.52] 23.01442.380 318.0426.0

5 0.87 CrN [Cr] 403 [384] 0.68 [0.53] 24.966x1.448 270.4:£20.0
HI3 - - - - 11.373£2.525 226.8+7.20
3. Results and discussion o = P
As shown in Table 1, the discharge currents decreased with § 5 § 5 § % &
the increase in the degree of unbalance of the magnetic B P e O b
field; because the discharge power was kept constant, this 2090 1 t'i g
implies that the potential difference between the target and 5 sample 4 *Cizf,
the substrates increased with the degree of unbalance of the < ' i
magnetic field. Table 1 also shows the values of nanohard- 'g j!
ness and elastic modulus, showing a steady increase in their Q qo00 {  Sample At A . A
values with the increase in the unbalance of the magnetron,
i.e. when KG decreases; this could indicate that the coatings i R
were densified with the increase of this unbalance. .1

Sample 1 E .

The X-ray diffraction spectra obtained in the Bragg-Bren- °" . ' . i
tano configuration, Figure 1, showed the presence of the 20 () 50 80

following phases: Cr, CrN and Cr)N (ICDD (1-085-1336,
01-079-2159, and 01-0076-2494 cards, respectively). With
the X’Pert HighScore program, a semiquantitative analy-
sis was performed, resulting in the percentage composition
data shown in Figure 2. The largest percentage content co-

rresponded to the cubic phase CrN, with a lattice parameter 50

of 4.1440 A; the Cr cubic phase, with a lattice parameter ol

of 2.8849 A, was the lowest percentage content phase, and ::-' 4

the hexagonal Cr,N phase with lattice parameters of 4.7520 T 401 N

and 4.4290 A had an intermediate concentration percentage, S 5. Y -5 Grn h o

without apparent correlation with the degree of unbalance % . ~, A

obtained. S 20 §
o 28

The results of the potentiodynamic polarization test are 2 1 -

shown in Figure 3. It can be seen from this figure that all of o0 ]

the corrosion potential shifted to positive values with respect i A

to the substrate potential, whose value was - 616 mV, and

al currents decreased (for the substrate, [CORR = 4.08 pA).

Figure 1. X-ray diffraction spectra for the Ct/ CrN coatings

obtained with 5§ degrees of unbalance and identifications
of the phases present.

In the anodic region, the oscillations in the current are evi-
dence of the film’s breaking, and the trends show a passive

Figure 2. Percent content of the phases present in the Cr/CrN
coatings obiained with different degrees of unbalance.
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behavior that is especially notable for sample 5, which was
obtained with the highest degree of unbalance.

1000V
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-1.000V
SO00 A TB00 A 100.0nA TGO pA 1000 pA 1000 pA  LOOOMA 1000 mA  100.0 mA

Current

Figure 3, Potentiodynamic polarization test results
of the substrate H13 and Cr/CrN coatings.

4. Conclusions

Cr/CrN coatings deposited on H13 steel with quenching and
tempering treatments improved the mechanical properties
of hardness and corrosion resistance. These improved pro-
perties were primarily obtained for coatings with the highest
degree of unbalance in the magnetic field, but a monotonous
increase was observed between the performance properties
of these coatings and the degree of unbalance of the magne-
tic field, which could be due to an increase in the discharge
voltage and therefore the energy of ions impinging on the
growing film (i.e., the intensity).
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THE SOLUTION OF THE NONLINEAR POISSON-BOLTZMANN
EQUATION USING LATTICE-BOLTZMANN

SOLUCION DE LA ECUACION NO-LINEAL DE POISSON-
BOLTZMANN USANDO EL METODO DE LATTICE-BOILTZMANN
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ABSTRACT

Fonseca Fonseca F. R. The solution of the nonlinear Poisson-Boltzmann equation using Lattice-Boltzmann.
Rev. Acad. Colomb. Cienc., 37 (1): 94-98, 2013. ISSN 0370-3908.

In this paper we present the solution of the Poisson-Boltzmann equation using the Lattice-Boltzmann method.
In order to obtain the solution, we use a redefinition of tensor °, which is declared as a symmetric tensor
whose diagonal components are chosen as the second derivative in time of the first moment of the distribution
function, and the compenents outside of the diagonal give account of the nonlinear terms. The results are pre-
sented in two dimensions employing the D2Q9 lattice velocity scheme. We obtain results for the scalar field and
its gradient for several kinds of initial conditions.

Key words: Poisson-Boltzmann Equation, lattice-Boltzmann.

RESUMEN

En este trabajo se presentala solucién de la ecuacion de Poisson-Boltzmann utilizando el método de Lattice-
Boltzmann. Con el fin de obtener la solucién utilizamos una redefinicion del tensor 11°, €l cual se declara como
un tenser simétrico,cuyas componentesdiagonales se eligen como la segunda derivada en el tiempo del primer
momentoe de la funcion de distribucion y las componentes fuera de la diagonal dan cuenta de los términos no
lineales. Losresultados se presentan en dosdimensiones empleando el esquema de rejillas de velocidades D2Q9.
Se obtienen resultados para el campo escalar y su gradiente usando varios tipos de condiciones iniciales.

Palabras clave; Ecuacién de Poisson-Boltzmann, 1attice-Boltzmann.

very important in the biological sciences, because of the
principal rele of electrostatics interaction (Luo G., et. al,

The study of Poisson-Boltzmann (PB) equation gives the 2006). The dynamics become more complex when they are

semiconductor equilibrium energy band for heterostructures mixe_:d blomaterials with low dimensional semiconduct_ors
(Lundstrom M. S., Schuelke R. J. , 1982). Also PB it is (Cui Y., et. al, 2001). On the other hand, a few analytical
’ problems_can be solved from weakly charged distributions.

1. Introduction

Universidad Nacional de Colombia, Prepartamente de Fisica, Grupo de Ciencia de Materiales y Superficies; Bogoti-Colombia.
E-mail: frfonsecafi@unal.edu.co
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Therefore, a lot of work has been done implementing
computational techniques in the solution of PB equation,
e.g., a combination of a Garlerkin discretization method, the
boundary element method, interface methods, a Newton-
Krylov method, finite element methods, lattice-Boltzmann,
ete. For a discussion of the different computational methods
and their efficiency applied to the PB equation the reference
(Lu B, Z. et al., 2008) is suggested.

On the other hand, lattice-Boltzmann (LB) has been applied
with success to many problems in Physics, and in particular,
we find a previous paper (Wang M., Wang J. and Chen S.,

2007) on the application of LB to study effects of cavitation
and roughness in micro-channels for electro-osmotic flows.
Basically, the electric potential and the pressure are
introduced as an external force term in the LB expansion.
Unlike this approach, our work uses the redefinition of M°®
tensor of the distribution function as a way to obtain the PB
equation.

This manuscript is organized as follows. In section (2) we
present the lattice Boltzmann method and the moments of
the distribution. Section (3) shows deduction of the PB
equation using the definition of the 11° tensor. Section (4)
presents the equilibrium distribution function, based on
D2Q9 scheme that gives rise to PB equation. In section (5)
we present results and in section (6) we give conclusions.

2, The lattice-Boltzmann model

This is considered a bi-dimensional model where the
velocities of particles are discretized ‘on the grid into d
directions. The lattice-Boltzmann equation is:

fE+8.8tt48t) — iR ) = 0,2 6) (N

where f; is the probability density function of finding the
group particle £, in the spatial point ¥ and time £ and &t is the
time step. (; is the collision term. It is defined as:

U@E D = -2 (REO - f,E D) @

The collision operator, Eq. (2), is expressed using the
B.G.K. approximation (Bathnagar P. L., Gross E. P. and
Krook M., 1954), where T is the non-dimensional relaxation
time that measures the approaching rated to the statistical
equilibrium. Expanding the left-hand side of Eq. (1) up fo
second order, in a Taylor series, and using & as a time step
unit, we have:

filF+é,et+e)—fi(Rt)=¢

52(6 3
i &
2 at+ * 9xy-

a a 2}
(a-l'ex'a—;rl-l'eya)ﬁ"{'

ve, ) f ©)

Assuming the spatial and temporal derivatives as: .

8 [é]

== Comn (4)
3 [i]

3;_833’1 (3)
J _ _a_ 2_“2__

P LT (6)

Expanding the distribution function f; in & perturbative
series:

fi=fFC +Ef + €% (7N
we obtain at first order in £;
——(€f1 )= 6t(8 -+ Sexa + Ee, “j')foi (8)

and at second order in &;

_lezpz _g25p 9 g0 g 8
terf?, —Sﬁtatzfi (s +e.£-2-

Ee, a‘;) fO+ SUET+ eE it Se},a—h)(‘,‘fli (9)
where it is assumed that

£o, = £=4, (10)
Inserting Eq. (8) in Eq. (9), we obtain:
1) = (i x5 * v 7)1+
1) +e (atz) (1

Replacing eq. (9) in (11), we obtain:

—2(err+
€2f1i(

—ZF2 af I (2L 48 2y
f +(1 21:) (ar1 +ex 3xy +ey ayl) f i 12)
The moments of the distribution function are defined as:

p=Xif° (13)
i=3&f° (14}

O=3iéefe, (15)
Yift =0k>0 (16)
T =0, k>0 (17)
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Also we assume the distribution function f; satisfies the
probability conservation condition with the equilibrium
distribution f*9, such that: '

o fO1, = Bito f" (18)

3. The Poisson-Boltzmann equation

We do the summation about (i) in Egs. (8) and (9), and
computing (8) and (9)x(€,,), we get:

dp L5

E‘FV =20 (19}
and

i .

5-;+V nv==0o (20)

We assume I1° as a symmetric tensor given by:
Y y

2
M’ = 526, + (1= 6,5)(p — k* sinh(p)) @l

where x? is a constant. Replacing Eq. (21) and (21-a) in Eq,
(20), we obtain for the diagonal components of the tensors:

Z—f+v(§%’) =0 (22)

and the off-diagonal components are:

V(p — k2sinh(p)) =0 2%
and we assume it as:

(p — k?sinh(p)) = 0 24

Then eq. (23)

8, , B

P (it + aV(p)) =0 (25)
assuming

ﬁ'—i-g?V(p) =0 (26)

Taking divergence
V.d +2-V3(p) =0 @7
Using Eq. (19

, ,
~Z4+V(p)=0 (28)

Taking out the temporal derivative

= (p—V(p)) = 0 (29)
assuming
p—Vp) =0 (30)

Using eq. (24), we have the Poisson-Boltzmann equation:

VZp = k?sinh(p) 3

4. The equilibrium distribution function

Fig.1. The lattice velocities of the D2Q9 scheme.

We use the D2Q9 velocity scheme shown in fig. (1), for the
directions &; and weights w; on each celk:

AN i=10
9
w, = é - i=1234 (32)
L 5 i=5678
36

Both directions €; and weights w; follow the next set of
tensor relations:

Yiwie =10 (33)
1.

Liwegaers =6z (34)

Yiwieaeipe, =0 (3%)

Also, we assume the equilibrium function

£ ={ (36)
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Using Equations (13-17) that define the moments of the
distribution, and also the set of equations that give the tensor
relations of the lattice velocity equations (27-28), we obtain:

2
4 =325~ x*p - K’sinh(p)) (37)
B=3 (38)
C=2p_2 0 _ 2y _ i sinh(p)) (39
PYARPR TS P p

Then, the equilibrium distribution function that satisfies the
Helmholtz equation is;

3w, (gi T (?iil —K?p— Kzsinh(,o))) £>0
feq_ = o (40)
8t i [
Wo (gp "Ti(atf' —K*p —K? smh(p))) t=0

p

(b)

5. Analysis and Results

We use the difference discretization scheme of the second
derivative, in order to apply the distribution function, as:

a%p  plae+de)- plat)+p(x,t-6t)

a2 §t2 (1)
The system is initialized with the function:

£ (x,v,0) = Ay sin{D{x + 2)% + D(y + 2)%) (42)
and

f(xy,0) = Ajexp(—D(x + 2)? — D(v + 2)?) (43)

]
AL
131 ra Y

@

Fig.2. The numerical result of the d1g3 lattice Boltzmann model. Panels (a)-(d) coirespond to simulations at times ¢= 140At.

Parameters are: lattice size L= 100, ©=20,07, Ax=Ay=1/L.
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Then the algorithm initiates at &, = 0, with Eq. {42) or (43)
in all the nodes of system. We present results for simulations
in Figure (2), panels (a-d) for a system size of 700x1600, with
periodic boundaries conditions. In Figures (2) a-b, we show
results for an initial Sine pulse and its gradient field. For
Figures (2) ¢-d, we have the potential and the gradient field,
respectively, for an initial Gaussian pulse,

5. Conclusions

We have solved the Poisson-Boltzmann equation using the
lattice-Boltzmann technique. We obtain the structure of the
potential and its gradient field for Sine and Gaussian initial
configurations. This method can be easily extended to three
dimensions. For a future paper, we can extend the method to
explore phenomenology for unbalanced charge distributions.
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PHYSICS

STRUCTURAL ANALYSIS OF NbN THIN FILMS GROWN
THROUGH RF MAGNETRON SPUTTERING

ANALISIS ESTRUCTURAL DE PELICULAS DELGADAS DE NbN
CRECIDAS A TRAVES DE PULVERIZACION CATODICA
MAGNETRON RF

J. E. Alfonso*,%%, J. J. Olaya®, A.P.C, Campos***, M.E. Mendoza***

ABSTRACT

Alfonso J. E, §. L. Olaya, A.P.C. Campos, M.E. Mendoza: J. E Structural analysis of NbN thin films Grown
through rf magnetron Sputtering. Rev. Acad. Colomb. Ciene., 37 (1) 99-103, 2013, ISSN 0370-3908

In this work NbN thin films have been grown through rf magnetron sputtering technique from a 8-NbN (99.99%)
target. In particular, we have studied the influence of the additional N2 flux in the preparation chamber in crys-
tallization and microstructure of the deposited films. The films have been characterized by X-Ray diffraction
(XRD) in 0-28 configuration and at grazing angle, scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). XRD results show that the films grown at different fluxes of N2 have high textured
coefficient along [200] direction. SEM results indicate the films have columnar growth with high homogeneity
and average thickness of 0.7 wm. TEM results reveals that the films have grown from crystalline nanoparticles
of NbN with highly textured along the (200} plane.

Keywords: Thin films, grazing angle, crystalline structure, nanoparticles.

RESUMEN

En cste trabajo se han crecido peliculas delgadas de NbN a través de fa téchica de pulverizacion catddica
magnetron rf a partir de un blanco de §-NbN (99;99%). En particular, se ha estudiado la influencia que tiene
la incorporacién de flujo adicional de N2 a la camara de preparacion en la cristalizacién y la microestructura
de las peliculas depositadas. Las peliculas se han caracterizado por difraccion de rayos X (DRX) en la confi-
guracién de 8-26 y en 4ngulo de incidencia rasante, microscopia electronica de barrido (SEM) y microscopia
electrénica de transmisién (TEM). Los resultados de DRX muestran que las peliculas crecidas en diferentes
flujos de N2 tienen alto coeficiente de textura a lo largo de la direccion [200]. Los resultados de SEM indican
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que las peliculas tienen un crecimiento columnar con alta homogeneidad y espesor medio de 0,7 pm. Los re-
sultados de TEM revelan que las peliculas han crecido a partir de nancparticulas cristalinas de NbN con alta

textura a lo large del plano (200).

Palabras clave: Peliculas defgadas, 4ngulo rasante, estructura cristalina, naneparticulas.

1. Introduction

Transition metal nitrides have physics and chemical proper-
ties such as high fusion points and chemical stability that
allow it be used in different applications spanning from hard
coatings to electromagnetic radiation detectors. For instan-
ce, the NbN films have been studied as potentially useful
material for low temperature electronics, because the hig-
hest transition temperature is of approximately 17.3 K, value
that allows to be used in fabrication of multilayer films
of (NbN/AIN/NbBN) type which have been used as tunnel
junctions [1, 2]. Likewise, due their value of work function
(4.7 eV) there is the possibility of using NbN as cathode in
vacuum microelectronic devices [3]. Other nitrides such as
TiN and TaN have been used as diffusion barriers to prevent
copper diffusion into silicon used in microelectronic devices.

Although NbN has been prepared as thin films using diffe-
rent techniques including reactive phase rf magnetron sput-
tering [4, 5], pulsed laser deposition (PLD), or atomic layer
deposition [6], influence of some deposit fabrication parame-
ters such as argon pressure in the work chamber or the power
supplied to the target on the structural properties of the de-
posited materials have not been studied. This work presents
resuits obtained from the growth of NbN thin films on glass
substrates, through rf magnetron sputtering technique which
has proven to be quite versatile to prepare a variety of diffe-
rent materials [7]. In particular, we have studied the crysta-
lline structure, microstrocture and morphology of the NbN
films deposited with different nitrogen fluxes.

2. Experimental techniques

The equipment used to grow the NbN films is an Alcatel HS
2000 rf magnetron described in previous papers [R]. Thé
NbN films were obtained from a 4”x1/4” NbN (99.9%) tar-
get (CERAC, Inc.). The parameters used during deposition
process were: base pressure 2.0 x 10 Pa, total working
pressure 7 x10°! Pa, deposition time 30 min, target-substrate
distance 5 cm and argon (99.999%) flux in 20 standard cubic
centimeters per minute (scem). We studied the influence of
additional nitrogen (99.99%) flux inside the deposit chamber
{(0=2, ® =4, and ® = 6 sccm) in the structural and micros-
tructure of the films. The final working pressure was maintai-
ned using a valve controller for all the nitrogen flow values

given above, the argon and nitrogen flows were controlled by
mass flow controllers.

The structural characterization of the films was performed
by X-ray diffraction (XRD) with a Philips diffractometer
operated at 30 kV and 20 mA and using Cu Ke radiation.
Surface morphology was characterized by imaging the se-
condary electrons with a FEI-Quanta 2000 scanning electron
microscope operating at 15 kV and 10 mA. filament current.
Microstructure characterization was carried out with 2100F
and FEI-Titan 80-300 transmission electron microscope,
both equipped with energy-dispersive X-ray spectroscopy
detector (EDXS).

The samples analyzed by TEM were prepared according to
the following procedure: two samples with rectangle sha-
pe (4x5 mm) were cut, these two rectangles were glued with
€poxy resin, cross section slices were obtained using an ultra-
sonic cut, the slices were fixed in a brass tube (3 mm diame-
ter) and further disks were cut, the disks were thinned with
sandpaper and disks with abrasive (40, 15 and 4 pm grain-
size), final thinned sample was obtained with a dimple and
the finally step was ion beam milling vsing Ar ions at 5 keV.

3. Results and discussion

Fig. 1a shows the Rietveld analysis carried out in the target
used to growth the NbN thin films. The study established
that the crystalline phase of the target is 5-NbN (a=4.3927A)
face centered-cubic (SG Fm-3m). The fig. 1b shows the di-
fference between the experimental and calculated XRD pat-
terns.

In a previous work we found that the optimal conditions
to deposit NbN thin films were: 300 W of power supply to
the target and heating the substrate to 553 K [9]. In order
to study the influence of gas addition on the structural and
morphology properties of the NbN films we have introdu-
ced nitrogen gas in the deposition chamber. XRD studies of
these films have previously been performed and are detailed
elsewhere [9], in brief it was shown that in all cases a prefe-
rential gtowth appears along the (200) plane (see Fig. 2) and
the polycrystalline character of the film was established by
X-ray diffraction experiments at grazing incidence (see Fig,
3). These results indicate that incorporation of nitrogen du-
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Figure 1 a- Experimental XRD pattern and calculated of NbN
target and b- difference of the two patterns.

ring the growth of the films determined the direction of the
5-NbN phase, this is evidencing by texture coefficient (defi-
ned as. [r(ZG(?) = 1{200?/ [1(200_) + I(111} +l (22q)+ I(311)+Il(2,2,2.}] Where I
is the intensity of diffraction peak) which was of 0.65 to the

films grown at 6 scem.

Moreover, previous works on the growth of NbN thin films
by different techniques (sputtering, cathodic arc, and reactive
methods) [10, 11] have established that the variation in tex-
ture may depend on factors such as the treatment of the subs-
trate prior coating, the deposition rate [6] the type of subs-
trate and the highly non-equilibrivm condition of the plasma
sputtering [12]. Furthermore, Bendavid ef al. [13] showed
that the substrate bias voltage also affects the microstruc-
ture and preferred orientation. Also it has been shown that
changing the nitrogen flow during the growth of TiN films
interchanges the preferred orientation of the films from the
[111] direction to the [200] direction, it is due to incorpora-
tion of nitrogen during the deposition process that implies
changes in the dynamics of the plasma since the increase in
the number of nitrogen molecules increases the probability
of collisions, promoting a larger number of chemical reac-
tions on the substrate surface. Consequently, the presence of
the nitrogen atoms reduces the flux of cations from the (200)
to the (111) planes, resulting in the orientation of the growth
in the [200] direction [14].

The surface morphology of these films have previously been
characterized [9], showing that the grown NbN films present
a compact granular structure, with a columnar growth of the

= T=553K
&
El
=
,-E‘ D=6 sccm
0
H _A —r $=4 scem
-
£
_}L P=2 scom
= = =
T gy &y
l i i 8 Target
v T ¥ ] 1 T
30 40 50 60 70 80 20
20

Figure 2. XRID patterns recorded from NbN films deposited at
553 X, 300 W and with different nitrogen fluxes. The pattern
of the target from which the films were obtained is included
for comparison purposes. Published with permission number

3157800386723 of IMS.
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Figure 3. Grazing angle (2°) XRD pattern recorded from a NbN

film grown at 553 K, 300 W, and 6 scem nitrogen flux. The target

XRD pattern is included as reference. Published with permission
number 3157800386723 of IMS.

type described by Movchan and. Demchishin [15] having an
average thickness of 0.7 pm (see Fig. 4).

The structural analysis of the NbN films was completed by
transmission electron microcopy (TEM) through the electron
diffraction patterns {DP) measurements and high resolution
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Figure 4. Cross-section SEM micrograph obtained with secondary
electrons of the NbN film grown at 300 W, 513 K and éscem
nitrogen flux, Published with permission number 3157800386723
of IMS.

Figure 5. a) Bright field image of the film grown at 2 scem
nitrogen flux and b) dark field imageof the film grown at 6 scem,
with the corresponding electron diffraction pattern.

images (HRTEM) obtained from the films which were grown
at 2 and 6 scom of nitrogen flux. Fig. 5a corresponds to the
bright field image of the film grown at 2sccm and Fig. 5b
shows the dark -field image of the film which was grown
in a high flux (6 sccm). Where, it can be seen that the film
is formed by concentrated clusters of nanoparticles with di-
mension less than 10 nm and that the films grown at 6 sccm
have a nanostructured morphology and grew mainly along
of {111} and {200} family planes.

TEM analysis was alse performed to analyze the NbN films
morphology as a function of nitrogen flux, Fig. 6a and 6b
show the morphology of the NbN films grown at 2 sccm and
6 scem nitrogen fluxes, respectively. Micrographs reveal

Figure 6. TEM images showing NbN nanoparticles with spherical
morphoelogy at different nitrogen fluxes: a) 2 scem; b) 6 scem;
¢) HRTEM image, NbN nanograins growing in a preferential

direction of atomic planes (200) can be observed in d.

films are nano structured and that there are constituted by
clusters and amorphous regions. All the samples are formed
by nanograins homogenously distributed. The size of clus-
ters was in the 2 nm to 10 nm range. It was observed that
the amount of NbN clusters increases as the nitrogen flux
increases too. Using Gatan software we have determined that
the average grain size of the nanoparticles was 2.7 + 0.6 nm
with normal distribution. HRTEM image (Fig. 6¢) presents
an interferential pattern produced by the atomic planes and
its corresponding Fourier transform, lets us visualize the re-
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ciprocal space of one NbN nanoparticle (Fig. 6d). Measuring
the distance between the spots (0.24 nm), we can confirm
that they correspond to the (200} planes of 8-NbN. These
results are in agreement with XRD analysis, which establis-
hed that NbN grows preferentially along the (200) plane.
The physical explanation of the phenomena that produces
the preferential growth along the (200) plane of NbN has
been given in a previous work [9].

Finaily, EDX analysis (Fig. 7) confirms that the analyzed
clusters were constituted by Niobium and Nitrogen. Si, Al,
Ba, Fe, O correspond to the clements of the common glass
substrate. Presence of copper is due to the sample holder.

Pl scate trunts STH Sovear; FR2N Y
U Gy
La¥a)
gl
Cu SHESC
§ i ' H B
[0

Figure 7. EDX spectrum of NbN films grown at 6 sccm of
nitrogen flux,

Conclasions

The results obtained in this work indicate that during the pre-
paration of NbN films by rf magnetron sputtering, the varia-
tion of nitrogen flux introduced in the preparation chamber
has decisive influence on the orientation and morphology of
the deposited films, since that as a function of the nitrogen
flux, these grow with high texture coefficient along the {200]
direction and the morphology evolves from nanometric clus-
ters to nanoparticles homogeneously distributed.
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