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1. INTRODUCTION 

This paper is a template for Copy Editors and 

Authors. If you are reading a paper or PDF version of 

this template, please download the file from the Science 

Literature web site at http://www.scienceliterature.com. 

Thus, you can use it to prepare your manuscript. In this 

section, please provide an adequate background with 

presentation a detailed literature survey about the using 

materials, techniques and reasons of preferred of related 

study. 

According to the article type, widely scanned 

literature information should be given in this section.  

 

2. EXPERIMENTAL 

The detailed experiment should be given with mark 

(brand) of using materials and measurement devices. The 

experiment should be understandable and can be repeated 

easily. 

 

2.1. Procedures for Preparing Submission 

A simple way to comply with the formatting 

requirements of journal is to use this paper and simply 

type your manuscript into it. 

The template is used to format your paper and style 

the text. All margins, column widths, line spaces, and 

text fonts are prescribed; please do not alter them. Your 

paper is one part of the entire proceedings, not an 

independent document. Please do not revise any of the 

current designations. Paper should be orderly prepared 

like sections; 

 

1. INTRODUCTION  

2. EXPERIMENTAL  

3. RESULTS 

4. CONCLUSION  

Appendix (Optional)  

Acknowledgement (Optional) 

References 

Biographies (Optional)  

Figure(s) with Caption(s) (Optional)  

Table(s) with Caption(s) (Optional) 

  

3. RESULTS 

The obtaining results, graphs and tables if there are, 

should be expressed in this section clearly. The subject 

can be discussed with the similar studies by giving 

references. 
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3.1. Page Format 

Your paper should use a page size suitable to A4 

paper which is 210mm wide and 297mm long. The 

margins are set as follows: top= 1.5 cm, bottom= 1.5 

cm, right=1.75 cm, left = 2.0 cm. Your paper should be 

in two column format with a space of 0.7 cm between 

columns. 

 

3.2. Text Font 

The entire document should be prepared in Times 

New Roman font size 10 pt. Paper title should be 

regular font size 22 pt, centered, bold, and not all with 

upper case. Author names should be centered, regular 

font size 10 pt. Affiliations should be regular font size 8 

pt and italic. Email address of corresponding author 

should be centered, font size 8 pt. More than 3 levels of 

headings should not be used. Level 1 headings should 

be left-justified, bold, numbered using Arabic numerals, 

regular font size 10 pt. The all letter of each title 

capitalized. Level 2, 3 and more headings should be 

left-justified, italic, numbered using Arabic numerals, 

regular font size 10 pt. The first letters of each title word 

capitalized and then lowercased. A line should be given 

before the each title. 

 

3.3. Equations and Units 

Equations should be centered with equation numbers 

set flush right as in Equ. (1). Formatting for MathType, 

use the Times + Symbol 11. Use either SI (MKS) or 

CGS as primary units. As a common mistake, please use 

(arb. uni.) for abbreviation of “arbitrary units”, not use 

(a.u.) because of the “atomic unit”. 

 

𝜑b0 =
kT

𝑞
ln (

AA𝑇2

𝐼0
)                                            (1) 

 

3.4. Tables 

For table title, table head, and table text should be 

provided. Tables and figures can be placed on separate 

pages at the back of the manuscript if it is necessary. 

Table body should be centered and in 10 pt Regular 

font. 

 

Table 1. Publication number in 2013 as an example. 

Date Publications (in 2013) 

Articles Journals Books 

1. Half 

2. Half 

3. Half 

4. Half 

1234 

987 

890 

566 

4 

7 

9 

9 

5 

6 

6 

6 

 

3.5. Figures 

One Figure or Graph, each with a title, can be placed 

apart from the article text in the separate page if it is 

necessary. Figures should be numbered using Arabic 

numerals in the text. Figures grouped together should 

have similar dimensions and be labeled "a, b, c", etc. 

The colorful and black-white images should be 

imported at a minimum of 300 dots per inch (dpi). 

Examples; ....in Figure 1, Figure 2(a) 

shows….., ….from Figure 2(a-d). 

 

3.6. Figure Captions 

Figures should be numbered using Arabic numerals. 

Figure captions should be in 10 pt. Figure captions 

should be centered below the related figure.   A caption 

should comprise a brief title. 

Fig. 1. An example figure for preparing manuscript for a 

journal of Science Literature. 

 

3.7. Table captions 

Table heads should appear above the tables and 

tables should be numbered using Arabic numerals. 

Table title should be centered and in 10 pt. Captions 

with table numbers should be placed above the related 

tables, as shown in Table 1. 

 

 
Fig. 2. Graph example. (a) Abcxyz (b) Xyzabc (c) 

Abcabc (d) Xyzxyz 

 

3.8. References Formats 

All reference items should be in 10 pt font. Number 

the reference items consecutively in square brackets as 

in [1]. When referring to a reference item, please simply 

use the reference number, as in [2]. Indicate references 

by number(s) in square brackets in line with the text. 

The actual authors can be referred to, but the reference 

number(s) must always be given. 

Example: As demonstrated multiple references [1,4] 

or [3,6-9]. “Wang and Demir [11] or Brown et al. 

[12]…obtained a similar result.” 

 

4. CONCLUSION 

Please include a brief summary of the possible 

implications of your study in the conclusion section. 

Although a conclusion may review the main points of 

the manuscript, please do not replicate the abstract or 

another part from the text as the conclusion.  

 

Appendix 

Appendixes, if needed, appear before the 

acknowledgment. Please not use number for the heading 

of this section. 
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Biographies (Optional for each journal) 

A technical biography for each author may be included. 

It should begin with the author’s full name as bold. A 

photograph should also be included for each author. The 

photo should be 2.5 centimeters wide by 3.0 centimeters 

high. The head and the photo should be flush with the 

left margin. The space required for each biographies. 

The following is an example of the text of a technical 

biography: 

 

Biographies 
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Physicists have added a new member among the 

exotic species in the sub-atomic world. These new 

subatomic particles are known as tetraquarks. In 

Fermilab, a high-energy particle physics laboratory in 

the US, DZero researchers have discovered tetraquarks. 

This phenomenon, described as the discovery of a new 

particle, is thought to help researchers understand the 

powerful interaction (strong force), one of the four 

known fundamental interactions in physics. Other basic 

forces are gravitational force, electromagnetic force and 

weak interaction. The DZero scientists give a name 

X(5568) to this particle when they saw their first clue to 

this new particle in July 2015, because the mass was 

5568 mega electron volts [1]. Quarks are basic particles 

that exist in two or three packages. The most famous of 

these are the proton and neutrality, each consisting of 3 

quarks. But there are six types of quarks: up, down, 

weird, charm, bottom and top. They also each have 

antimatter. 

On the other hand, A group of researchers from the 

Joint Quantum Institute in the USA and theoretical 

physicists from the National Institute of Standards and 

Technology (NIST) conducted an interesting study. 

According to a report in the Nanowerk, with this work, 

a step was taken to build objects out of the photons. 

Researchers who have found that photons, which are 

massless particles of light, can join a molecule with 

their own strength, showed that the two photons could 

be interlocked within a short distance. That is, under 

certain conditions, these photons can form a structure 

similar to two atomic molecules.  

Finally, theoretical physicists have proved the 

process of attaching the article "Coulomb bound states 

of strongly interacting photons" in Physical Review 

Letters through several parameters [2]. According to 

this study, this bonding occurs when the photons can 

move side by side at a certain distance from each other. 

This process is similar when two hydrogen atoms in a 

hydrogen molecule are adjacent to each other. Alexey 

Gorshkov of theoretical physicists says, "It is not a 

molecule on its own, but it can be thought of as having a 

similar structure". 

As far as the interaction engineering between 

photons is concerned, further advances can be gained 

for the technologies in these fields. For industry, bound 

and entangled photons can enable computers that use 

photons as their data processors. In fact, this can also 

provide significant energy savings. Because 

correspondence and other data exchanges move through 

fiber optic cables in the form of bundles of light, but 

they must be converted to electrons for processing. This 

process is an inefficient process in which a significant 

amount of electricity is used. Therefore, energy losses 

can be reduced if the photons are used again in place of 

transformation in the processing of the data. 

Developments in the field of nanomaterials seem to 

change the luck of thermoelectric materials. 

Thermoelectric materials have become a promising 

technology for generating electricity from the heat that 

is thought to be lost. The basic logic of these 

thermoelectric materials is an electric current generated 

by the temperature difference between the two ends of 

http://www.scienceliterature.com/
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the material. Therefore, it may be possible to produce 

electrical currents from computers, automobiles, etc. 

made of these materials. 

According to a paper published in Applied Materials 

and Interfaces, researchers have found that is allowing 

the material to generate electric current even at room 

temperature, when a small amount of graphene is 

applied to the thermoelectric material named strontium 

titanthritide (STO), because STO could generate electric 

current at extremely high temperatures [3]. The 

graphene causes this big difference. Energy efficiency is 

very low in traditional thermoelectric materials. It is 

around one percent. With the addition of graphite, 

researchers report this yield to be between 3 and 6 

percent. 

These studies have great importance because about 

70 percent of the fuel used for a car loses to heat and 

friction. If such materials are available, a significant 

increase in energy efficiency can be achieved by 

recovery of the thermal energy.  
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ABSTRACT This study presents the performance of five different mortars at 

room temperature, 40oC and 5oC in magnesium sulfate solution. Two groups of mortars 

are prepared of only cement but vary in ratio water/ cement (W/C) (0.52 and 0.625). The 

other three groups of mortars produced incorporating fly ash (FA), silica fume (SF) and 

blast furnace slag (BFS). These mortars were immersed for 600 days in magnesium sulfate 

solution. All mortars measured compressive strength, flexural strength during the 600 

days. Water absorption and sorption of mortars were determined at 28 days. 

Microstructures of mortars were studied by scanning electron microscope (SEM) and 

microscope. Chemical analyzes were done with X-ray diffraction (XRF). Mortars sulfate 

attack affected mineral additives but cement prevent the mortars better than these with 

mineral additives. Mortars water absorption and sorption are important parameters on 

sulfate attack. Mortars corrupt at room temperature more than the other mediums.  

Keywords: Magnesium sulfate; Brucite; Ettringite; Absorption; Sorption; Mineral additives; 

Silica fume; White materials.  

Cite this article: İ. Ustabaş, Ş. Erdoğdu. Performance of mortars incorporating fly ash, silica 

fume, blast furnace slag at different temperature in magnesium sulfate solution. Turk. J. Mater. 

1(1) 1-14 (2016). 

1. INTRODUCTION 

 

Sulfate attack is the term used to describe a 

series of chemical reaction between sulfate ions 

and the components of hardened concrete, 

principally the cement paste, caused by exposure 

of concrete to sulfates and moisture [1]. The sulfate 

attack can be divided into two groups of sulfate, 1-

internal and 2-external sulfate attack. Internal 

sulfate attack refers to a situation where the source 

of sulfate is internal to concrete. The source of 

sulfate can be the cement, supplementary materials 

such as fly ash or slag, the aggregate, the chemical 

admixtures, or the water. Two examples of such 

internal sulfate attack by an excess of cement 

sulfate and the so-called delayed ettringite 

formation (DEF). External sulfate attack is caused 

by a source external to concrete. Such sources 

include sulfates from ground water, soil, solid 

industrial waste, and fertilizers, or from 

atmospheric sulfate (SO3), or from liquid industrial 

wastes [1].   These two types of sulfate attack 

convert hardness concrete component into the 

other products, such as gypsum (CaSO42H2O), 

ettringite (6CaO.Al2O3.SO3.32H2O) and 

thaumasite (CaSO4.CaSiO3.15H2O). These three 

kind of products are the main formation besides 

other products which occur to produce a kind of 

sulfate ion, such as brucite (Mg(OH)2), magnesium 

silicate (MgO.SiO2.H2O) and hydrous silicate.  

http://www.scienceliterature.com/
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New product formation in hardness concrete 

consists of expansion, cracking and spilling. 

Sulfate attack decreases the durability of concrete, 

hereby long-term durability of structures is 

reduced and at the same time increases the cost of 

caring for structures, so the durability problems of 

concrete has drawn the attention of researchers. 

 The proposed mechanism of magnesium 

sulfate attack, sulfate ions firstly attack calcium 

hydrates and rapidly form brucite (Mg(OH)2) and 

gypsum. Areas of concrete are touched by a 

solution of sulfate ions occur brucite layer and that 

behind gypsum layer [2].  

 

Mg2+ +SO4 2- + Ca(OH)2 +2H2O          

Mg(OH)2 +CaSO42H2O 

 

When penetrated sulfate ions attack calcium 

silicate (C-S-H), the main corruptive product in 

hardness concrete begins to dangerously corrupt 

and C-S-H change magnesium silicate (M-S-H). 

hardness concrete transforms into a mud like 

substance.  

 

xMg2+ + xSO4 2- + x.CaO.SiO2.aq + 3xH2O  

x.CaSO4.2H2O+xMg(OH)2+SiO2.aq 

2xMg2+ + 2xSO4 2- +2[ x.CaO.SiO2.aq] + yH2O 

 3MgO.2SiO2.2H2O + 2x[CaSO4.2H2O]+ (2x-

3).Mg(OH)2 

                                  

             

The sulfate attack corrupts concrete material 

and decreases the service life.  Researchers are 

looking at how to protect concrete from sulfate 

ions with mineral additives such as fly ash, silica 

fume and granule blast furnace slag [3-9]. The 

laboratory studies show some different results. 

Separate sulfate ions, mineral additive, water 

cement rate, temperature, ions concentration 

produce an unlikely situation.  Skalny, Amoudi, 

Thomas, Akoz have reported on the resistance 

imparted by mineral additives increasing the 

sulfate resistance of concrete [1,4,8,10,11]. The 

other researchers, Lee said that silica fume had 

decreased the resistance of concrete against 

sulfate, the larger amount SF content the greater 

was the strength loss exhibited [9]. Some 

researcher represented that mineral additive 

change CH to C-S-H for magnesium sulfate direct 

influence C-S-H formation, mineral additive 

decreases sulfate resistant of mortars [14].   Cavdar 

has reported an increase in the resistant of hardness 

concrete mineral additives must be restricted to 

approximately 25-30% by mass to erosion [12].  

The quality of concrete, specifically a low 

permeability, is the best protection against sulfate 

attack. Adequate concrete thickness, high cement 

contents, low water/cement ratio and proper 

compaction and curing of fresh concrete are among 

the important factors that contribute to low 

permeability [1].  The most important role is 

permeability of hardness concrete and mortars in a 

sulfate environment [1,7,13,17]. Permeable 

concrete is vulnerable to attack by almost all 

classes of aggressive agents [15].  

At medium temperature, have shown an 

occurrences of sulfate attack on concrete which is 

progressive. If medium temperature is high, 

thaumasite can occur greatly [16]. The formation 

of favored at low temperatures and a temperature 

of around 5oC is most favorable. Nevertheless, a 

formation of this phase at temperatures up to about 

25oC is possible. The rate of thaumasite formation 

drops off markedly at somewhere between 15oC 

and 20oC [16]. 

The researchers have tried to develop various 

approaches to estimate long-term durability of 

concrete structures subject to sulfate attack. The 

researchers improve some equations such as 

DC=[0,11 S0,45][0,143t0,33][0,204.e0,145C
3
A]. Where 

DC is the degree of sulfate-induce corrosion, S is 

sulfate concentration, t is immersion period (days), 

C3A is the presentence of tricalcium aluminate. 

The others produced the equation connect to 

diffusion coefficient.   Xs=1.86. 106 C3A 

(%).([Mg]+[SO4])Di.t Where Di is diffusion 

coefficient, Xs is the location of the visible 

degradation zone [1]. These kind equations were 

constantly improved by the researchers.   

In this study, the varied medium temperature 

effect of different mineral additives, fly ash, silica 

fume, granule blast furnace slag on magnesium 

sulfate attack was investigated.  

 

2. EXPERIMENTAL 

 

2.1. Materials 

 

2.1.1. Cement component 

The material used in mortars specimens are 

provided from locally resourced Turkish sources 

supplies. The cement is ordinary Portland cement, CEM 

42,5 R.  Granule ballast furnace slag was obtain from 

Karabuk Iron-steel Factory. Silica fume and fly ash are 

from Eletktroferrocrom in Antalya and Thermal Power 

Plant. Five types of mortars were produced. Cement was 

incorporated in fly ash, silica fume and blast furnace slag 

with ratio 20 % weight of cement. Table 1. demonstrates 

the chemical properties of cement and materials. Table 

2. shows cements and additive materials mechanical and 

physical properties. 
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Table 1. Chemical properties of cement and additive materials. 

Contents Cement Fly ash Silica fume Granule blast furnace slag 

CaO 54.7 1.3 0.5 25.3 

SiO2 24.9 57 95.3 43.3 

Al2O3 5.3 1.1 0.7 13.6 

Fe2O3 3 4.3 0.9 0.3 

MgO 1.6 16.3 1.4 10.5 

SO3 3.3 0.4 0.4 3.7 

Na2O 0.9 0.4 0.3 0.2 

K2O 1.1 2.9 0.8 1.1 

Cl- 0.04 0.05 0.1 0 

 
 

Table 2. Cements and additive materials mechanical and physical properties. 

 

 

2.1.2. Specimens preparation  

The compositions of the mortars are shown Table3. 

All mixtures are used at the same aggregate, shown 

grading and physical properties in Table 4 and the 

ordinary Portland cement, CEM I 42,5 R. This cement 

is a mixture of three mineral additives, fly ash, silica 

fumes and granule blast furnace slag in some mortars. 

Mortar samples were prepared by Hobart mixer and 

mortar was placed on the impact test bench and were 

blocked in a mould to be 4*4*16 cm, 60 drops (twice).  

After 24 hours of curing at 20 oC by 90% relative 

humidity, the samples were removed from the molds 

and placed in standard curing condition in statured lime 

water at 20±1oC.  Five main different types of mortars 

were prepare to mix with cement, fly ash, silica fume and 

granulated blast-furnace slag, using only cement mortars 

consisting of 480 g cement, and 250 g water 

( W/C=0,52), mortars, named PCM-1were used in 400 

g cement and 250g water, W/C ratio is 0,625. Four 

mortars, FAM, SDM, BFSM and PCM-2 were kept at 

the same level water/binder ratio, 0,52. In additive 

mortars, with fly ash, silica fumes and blast furnace slag 

was incorporated with a ratio 20% weight of cement. In 

total five sets of mortars were prepared. Table 3 is shown 

at PCM-1, without mineral additive and 400 g cement, 

FAM, fly ash additive, SDM, silica fumes additive and 

BFSM, granule blast furnace slag additive mortars and 

PCM-2, mortars in 480 g cement. 

 
Table 3. Mixture proportion of mortar specimens (1 m3). 

Materials Mortar specimens code of series 

PCM-1 FAM SFM BFSM PCM-2 

Aggregate (kg/m3) 1543 1455 1448 1465 1474 

Cement(kg/m3) 400 400 400 400 480 

Water(kg/m3) 250 250 250 250 250 

Fly ash(kg/m3) 0 80 0 0 0 

Silica fume(kg/m3) 0 0 80 0 0 

Blast furnace slag(kg/m3) 0 0 0 80 0 

 

 
Table 4. Grading and physical properties of aggregate. 

 

 

 

 

 Cement Fly ash Silica fume Granule blast furnace slag 

Density(g/cm3) 3.05 2.4 2.2 2.7 

Fineness(cm2/g) 3832 3520 150000 4450 

Loss on ignition (%) 3.5 1.67 3.34 1.38 

Flexural strength (N/mm2) 2 day 3.9    

28 day 8.2 

Compressive strength (N/mm2) 2 day 25.9    

28 day 46.3 

Aggregate type Percentage passing Density 

(g/cm3) 

Water 

absorption (%) Sieve size (mm) 

8 4 2 1 0.5 0.25 

Fine aggregate 100 97 70 44 22 10 2.62 2.3 
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2.1.3. Specimens curing 

After 24 hours, the specimens were removed from the 

molds and marked for later identification. All mortars 

were cured in lime saturated water 20±1oC on one 

mount. Three specimens from all groups were measured 

for flexural and compressive strength for seven days. 

After one month, three mortars of groups were 

calculated for flexural and compressive strength, water 

absorption and sorption coefficient. The remaining 

specimens were divided into three groups and placed in 

a magnesium sulfate solution at room temperature, at 

40oC and at 5oC for a period of 600 days. 

 
Table 5. Specimens flexural and compressive strength. 

Days Mortar specimens 

PCM-1 FAM SDM BFSM PCM-2 

7 days 28 days 7 days 28 days 7 days 28 days 7 days 28 days 7 days 28 days 

Flexural strength (N/mm2) 
4.9 6.3 4.9 6.7 5.9 7.1 5.9 7.4 5.9 7.1 

Compressive strength 
(N/mm2) 30.5 37.9 33.2 42 38.9 46.6 31.3 53.1 33 53.2 

 
Table 6. Compressive strength of mortars in sulfated 
medium (MgSO4), different temperature. 

Medium Date 

(mount) 

Compressive strength (MPa) 

PCM-1 FAM SDM BFSM PCM-2 

Room  

temperat
ure 

3 40.8 44.6 48.6 55.4 54.6 

6 36.4 44.2 47.8 55.6 54.1 

9 28.6 38.3 45.4 55.1 53.3 

12 18.8 32.4 42.3 53.2 51.8 

20 9.6 24.6 39.2 46.6 47.2 

 

40oC 

3 41.2 45.4 48.9 55.2 54.9 

6 38.3 45.1 48.8 55.4 54.6 

9 35.9 43.4 47.5 54.8 53.8 

12 31.8 38.6 44.2 49.8 52 

20 22.1 28.4 39.2 47.5 48.8 

 

5 oC 

3 40.2 44.3 48.4 55.1 54.2 

6 37.6 43.4 48.1 53.6 53.7 

9 31.5 39.6 44.4 46.7 49.6 

12 22.4 34.3 39.8 44.2 48.8 

20 15.4 26.5 34.8 40.1 47.8 

 

2.1.4. Testing program 

Specimens from all groups were tested on the 7th 

and 28th day flexural and compressive strength. After 

placed in three different environments of magnesium 

sulfate solution, three specimens from all series also 

were tested for flexural and compressive strength on 

90th, 180th, 270th, 360th and 600th day. When mortars 

were taken from the curing pool, water of mortars were 

wiped and kept humid. Firstly, flexural strength was 

measured, after all pieces of mortars were tested by a 

mortars compressive test machine.    

After one month, standard curing, specimens were 

measured for water absorption and sorption coefficient. 

For sorption, prisms of 40x40x160 mm were cast from 

each mixture, 28 days. Measurement of capillary 

sorption, three mortars specimens from each one group 

was stood in a oven at 70oC until a constant mass 

formed. The bottoms of the mortars were opened and 3 

mm above of mortars were covered by paraffin 

Table 7. Flexural strength of mortars in sulfated 
medium (MgSO4), different temperature. 

Mediu

m 

Date 

(mount) 
Flexural strength (MPa) 

PCM-1 FAM SDM BFSM PCM-2 

Room  

tempe

rature 

3 6.8 7.3 7.8 8.2 7.9 

6 6.1 7.2 7.8 8.1 7.9 

9 5.2 7 7.7 8.1 7.8 

12 3.4 6.5 7.4 7.8 7.7 

20 2.2 5.2 6.2 6.8 6.9 

 

40oC 

3 6.9 7.4 7.9 8.1 7.8 

6 6.6 7.4 7.8 8 7.7 

9 5.8 7.3 7.6 7.9 7.6 

12 4.9 6.9 7.2 7.6 7.5 

20 3.8 5.8 6.6 6.9 6.9 

 

5 oC 

3 6.8 7.2 7.7 8 7.8 

6 6.4 7 7.6 7.9 7.7 

9 5.1 6.9 7 7.3 7.1 

12 4.4 6.6 6.9 7.6 7 

20 3.6 5.6 6.5 7 6.9 

 

The mortars were then placed in a pan. The water level 

in the pan was maintained at 3 mm above the base of the 

specimens throughout this experiment. All specimens 

were weighted at specific times such as 1, 2 4, 6,12 and 

24 hours. The coefficient (k) was obtain by (Q/A)= k.√t 

where Q= the amount of water adsorbed in (cm3), A is 

the cross section of specimen that was in contact with 

water (cm2), t is time (s), sorption coefficient is cm/s1/2.                      

When mortars specimens were placed in three 

different solution pools, white materials (brucite and 

gypsum) began to change at different rates. Standing for 

60 days, three mortars, PCM-1 in the different medium 

were cut into small nine pieces.  New formations were 

observed under the microscope, taking 10 

measurements from each one and calculated average 

thickness.  Used Nikon SMZ 1000 type microscope and 

taking photography. NIS-elements program calculated 

white materials on mortars surface.   

After placing in a magnesium solution, changes in 

all mortars were observed and photographed, some 

formations were investigated by microscope.  Standing 

for 600 days in a sulfate solution, mortars specimens 
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were investigated by Scanning Electronic Microcopy 

(SEM) and X-Ray Diffraction (XRD). 5x5x3 mm small 

pieces were cut from the mortars. The pieces were dried 

in an oven and covered with gold than after investigated 

with SEM. 

At room temperature, of 40oC and at 5oC, the pH of 

standing pools was measured together with temperature 

and conductibility. A group of mortars were put into the 

standard pool and this pool’s pH, temperature and 

conductivity were also measured.  

  

2.1.5. Solutions sulfate concentration 

During the experimental program, magnesium 

sulfate solution concentration was adjusted to be added 

MgSO47H2O, 4.5 % of water weight. This medium is 

renewed with each mount. 

  

3. RESULTS 

 

Table 5. shows the compressive and flexural 

strength at the 7th and 28th of standard curing. 

Value of compressive and flexural strength at room 

temperature, 40oC and 5oC in magnesium sulfate 

solution are reported in Table 6 and Table 7. Fig.1, 

Fig.2 and Fig.3 are drawn according to Table.5, 

Table.6 and Table.7. 

Fig.1. indicates the change of compressive 

strength at room temperature in magnesium sulfate 

solution. The change of compressive strength were 

calculated by the compressive strength at the 28th 

days (Rc28) were eliminated from the compressive 

strength at the 90th,180th, 270th, 360th and 600th 

days (RCx) , and divided by the compressive 

strength at the 28th days and multiply by 100 

(100x(Rc28-Rcx)/ Rc28) . The same calculations were 

made regarding the changes of the compressive 

and flexural strength in Fig.2, Fig.3, Fig.4, Fig.5 

and Fig.6.  

In Fig.1, during the first 90 days there are 

steady but slow increases in the all mortars, 

about %8 ratio, hereby Rc28. The next 180 days, 

compressive strength decreases slowly but next 

following days, compressive strength decreases 

quickly. Ratio of changing compressive strength of 

PCM-1 is 75% during 600 days. The mortars 

occurred high level corruption in PCM-1. There 

are high ratio of W/C (0,625), water absorption 

(10,5%) and sorption coefficient (21,8x10-3) in 

PCM-1. PCM-1 also has the less weight of cement 

and compressive strength (Rc28=37,9 N/mm2). 

Fig.1. indicated that mortars, to be high W/C, water 

absorption and sorption, affected much more than 

the others in magnesium sulfate solution. The 

corruption of FAM is second, ratio of 48% 

according to fig.1. FAM has second high water 

absorption and sorption but FAM has same ratio of 

W/C, with BFSM, SDM and PCM-2. FAM, used 

fly ash mineral additive, fineness of fly ash is 

smaller than blast furnace slag and silica fume 

(Table.2). If fineness is low at the mineral 

additives, the mortars have much water absorption 

and sorption on the 28 days. This situation is 

demonstrated Fig.7 and Fig.8. Third corruption has 

in BFSM, ratio of 12%. Fourth corruption has in 

SDM, ratio 10%. Value of changing compressive 

strength in SDM is very near the value in BSFM. 

The best performance is shown in PCM-2. There is 

no any mineral additive in PCM-2, but has 

maximum cement content, 480 kg/m3 and low 

water absorption (9,3%) and sorption (17,2x10-

3cm/s1/2) (Table 8). When PCM-2 is compared 

PCM-1, low ratio of W/C, water absorption and 

sorption increase the resistant of mortars on sulfate 

attack. Fig.1, Fig.7 and Fig 8 exhibit that the higher 

cement content causes less water absorption and 

sorption at the same ratio of W/C and aggregate. 

The arrangement of changing compressive 

strength in fig.1. has a similar arrangement water 

absorption and sorption, Fig.7 and Fig.8.  This 

evidence shows that water absorption and sorption 

in mortars is the best parameter against magnesium 

sulfate attack. 

In Fig.2 and Fig.3 are shown a shape like Fig.1 

but the ratios of changing compressive strength are 

different. While the ratio of changing compressive 

strength in PCM-1at room temperature is 75%, it is 

42% at 40oC and 60% at 5oC. The same situation is 

shown in the ratio of changing compressive 

strength at FAM, BFSM, SDM and PCM-2. The 

high corruption occurred at room temperature in 

magnesium solution after than at 5 oC. The best 

performance of mortars is at a high temperature at 

40oC. This evidence was derived from occurrences 

between new materials formation and pH at 

different temperature medium. Fig.9. shows four 

types curing conditions of mortars, at room 

temperature, 40oC, 5oC in magnesium sulfate 

solution and standard curing pool, no sulfate, were 

detected on the first day, nearly equals values were 

at the same levels, more with values of pH at 40o 

(Table 9). Values of pH at 5oC in magnesium 

solution had increased during 30 days. Values of 

pH at 5o were higher than the others mediums. If 

pH is high, concrete and mortars decomposes less. 

Fig.10. white material on surface of mortars can be 

seen where a white color is easily identified under 

the microscope. Fig.11.. depicts how this thickness 

was measured by Nıs–elements D, computer 

program. Results of the measurement, thickness of 

white materials at 40o in magnesium sulfate 

solution was higher and quicker than in the other 

mediums. This situation indicates warm water 

increased the reaction between cement materials 

and sulfate. The thickness of white materials was 

the thinnest at a low temperature of water. 

Thickness of white materials is given in Table 10 

for each medium at 90 days. Fig.12. gives results 

of XRD. This analyze was done on white materials, 

taken from surface on mortars in magnesium 

sulfated solution. In this analyze many peaks 

relating to brucite and gypsum were found.  

The ratio of compressive strength, pH of 

solution and speed of white materials formation 

were analyzed with an expectations high 

corruption at 40o in magnesium solution for low 

value of pH, but thickness and quick white 
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materials formation reduce permeability and starts 

corruption later. High pH prevented the mortars at 

5oC, so the mortars deteriorated at room 

temperature in magnesium sulfate solution, firstly.  

Fig.13, , Fig.14 and Fig.15 show SEM 

micrograph of PCM-1, at 600 days, at room 

temperature, 40oC and 5oC in magnesium sulfate 

solution. Fig.16. indicates the result of XRD. 

Which mortars had the greatest damages from 

sulfate, new materials formation increased in 

Fig.13, Fig.14, and Fig.15. How sulfated solution 

entered into void and crack, SEM micrograph were 

showed. New material formation cause expansion 

and cracking in mortars, are shown at SEM 

analyze. Ettringite, thaumasite and gypsum were 

found by XRD. 

 
Table 8. Mortar specimens sorptivity coefficient and water absorption at 28 days. 

 

 

 

 

 

 

 

 

 

 
Table 9. Curing pool pH, temperature and mV values. 

Time 

(day) 

 

Room temperature with 

MgSO4 
40oC with MgSO4 5oC MgSO4 Standard curing 

pH oC mV pH oC mV pH oC mV pH oC mV 

1 7.32 20.4 0.01 7.22 39.3 0.8 7.36 17.7 -0.01 7.81 19.8 -110 

9 9.16 22.7 101 8.27 40.1 -0.59 8.75 4.9 -0.88 9.02 20.4 -107 

24 8.77 20.9 0.94 7.92 39.6 -0.36 10.25 4.5 -185 8.94 20.3 -103 

30 8.73 18.1 -100 7.85 39.5 -0.47 10.33 2.4 -187 8.76 19.4 -100 

 
Table 10. White materials thickness is on PCM-1 mortars at 90 days in magnesium sulfate solution. 

Group name 

 

White materials thickness (micron) 

Room temperature 40 oC 5oC 

PCM-1 78.54 136.87 44.72 

 

 

 

Fig.1. Mortars ratio of changing compressive strength at room temperature in magnesium solution 
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PCM-2 9.3 0.017284 
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Fig.2. Mortars ratio of changing compressive strength at 40oC in magnesium solution 

 

 

 

 

Fig.3. Mortars ratio of changing compressive strength at 5oC in magnesium solution 
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Fig.4. Mortars ratio of changing flexural strength at room temperature in magnesium solution 

 

 

 

Fig.5. Mortars ratio of changing flexural strength at 40oC in magnesium solution 

 

-20

00

20

40

60

80

0 90 180 270 360 600

R
at

io
 o

f 
ch

an
gi

n
g 

fr
e

xu
ra

l s
tr

e
n

gh
t 

(%
) 

Staying day

mortars at room temperature in magnesium sulfate 
solution

PCM-1

FAM

SDM

BFSM

PCM-2

-20

00

20

40

60

80

0 90 180 270 360 600

R
at

io
 o

f 
ch

an
gi

n
g 

fl
e

xu
ra

l s
tr

e
n

gh
t 

(%
)

Staying days

Mortars at 40 ͦ C in magnesium sulfate solution

PCM-1

FAM

SDM

BFSM

PCM-2



İ. Ustabaş, Ş. Erdoğdu. Turk. J. Mater. 1(1) 1-14 (2016). 

9 

 

Fig.6. Mortars ratio of changing flexural strength at 5oC in magnesium solution 

 

 

 

Fig.7. Group of mortars water absorption levels 
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Fig.8. Group of mortars sorption coefficient levels 

 

 

 

Fig.9. pH value of curing pool 
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Fig.10. Occurrences of white materials on mortars 

 

 

Fig.11. Thickness of White materials, standing 60 days at 40oC in magnesium sulfate solution on mortars. 
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Fig.12.  XRD of white materials 

 

 

 

 

 

 

Fig.13. SEM micrograph of PCM-1, at 600 days, at room temperature in magnesium sulfate solution.  (a) 

SEMx1500, (b) SEMx1500 

 

 

 

 

 

 

 

 

 

 

Fig.14. SEM micrograph of PCM-1, at 600 days, at 40o in magnesium sulfate solution.   (a) SEMx60, (b) 

SEMx45, (c) SEMx1500 

0

1000

0 10 20 30 40 50 60 70

H
e

ig
h

t
(a

rb
. u

n
i.

)

2-theta (degree)

a b 

c 

a b 

1.Quartz 
2.Gypsum 
3.Brucite   1 

  3 

  2 

1+2 
 



İ. Ustabaş, Ş. Erdoğdu. Turk. J. Mater. 1(1) 1-14 (2016). 

13 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.15. SEM micrograph of PCM-1, at 600 days, at 5o in magnesium sulfate solution.   (a) SEMx60, (b) 

SEMx800, (c) SEMx1500, (d) SEMx800 

 

 

Fig.16. XRD of PCM-1 at room temperature. 
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4. CONCLUSION 

 

The following conclusions can be made based 

on the test results of this study. Using the same 

types of aggregated and water/cement ratio, water 

absorption and sorption are important in 

magnesium sulfate attack. Mineral additive 

affected the absorption of mortars and prevent the 

mortars from magnesium sulfate attack.  At the 

same ratio of W/C, high cement content mortars 

show the best performance in magnesium sulfate 

solution. With a less water /cement ratio reduce 

absorption therefore resistance of mortars 

increases against magnesium sulfate attack. 

Different temperature levels influence sulfate 

attack. The speed of occurring brucite and gypsum 

on mortars and pH levels of sulfate solution are the 

other parameters influencing magnesium sulfate 

attack.  Mortars are affected at room temperature 

more than at 40oC and 5oC.  Corruptions reduce at 

the same proportion of magnesium sulfate solution 

at high temperature. High temperature affected 

thickness and speed of formations, on white 

materials. 
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ABSTRACT We apply the non-equilibrium Green's function method based on the finite 

difference method to the parabolic double quantum well structure. In particular, we examine the 

effect of system parameters on transmission coefficient. The properties of the electronic state also 

studied as a function of the system parameters, such as, the well widths and depth. We also 

tested energy electronic state with calculating density of states. 
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1. INTRODUCTION 

According to Moore’s famous law [1], states that the 

number of transistors on integrated circuits doubles 

every year. Last decades semiconductor devices already 

reached the limit to the nano-scale. The non-equilibrium 

Green’s function (NEGF) method [2] are extensively 

used method for finding transmission properties in 

nanoscale devices. 

Quantum wells are semiconductor structures in 

which we can observe and control many quantum 

mechanical effects. Recent developments in 

nanofabrication technologies have allowed us to 

fabricate variety type of wells. Such as, parabolic 

quantum wells (PQWs) which are related the 

development of high performance semiconductor 

devices (infrared detectors, cascade lasers, etc.) [3-6]. 

The properties of the electronic state in the PQW were 

studied in experimentally and theoretically [7,9]. 

Because of the unique properties (equally spaced 

electronic spectrum, radiative transitions at the same 

oscillator frequency etc.), researchers [10, 11] studied 

the electronic state in the PQW by using different 

methods to derive the energy levels. PQW has been 

widely investigated and some new properties of 

electrons are obtained [12, 13]. PQWs have been 

applied to study non-linear optical properties [14], the 

quantum Hall effect [15], charge, spin oscillations [16], 

magnetic properties and photoluminescence 

measurements [17, 18]. Capasso and Kiehl proposed a 

resonant-tunneling bipolar transistor with a smooth 

parabolic well [19, 20].  

The aim of the present work is to study transmission 

properties and electronic states in one dimensional 

double GaAs/AlGaAs PQW using NEGF method. 

 

2. MODEL AND METHOD 

We apply the NEGF method to find electronic 

eigen-state and transmission characteristic of parabolic 

double quantum well (PDQW). As depicted in Fig. 1, Li 

denotes the region boundary of the structure.  

http://www.scienceliterature.com/
http://www.scienceliterature.com/
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Fig. 1. Schematic representation of one-dimensional parabolic 

double quantum well. 

 

An ideal parabolic potential well represents a 

"Harmonic oscillator well" which is described in 

quantum mechanics textbooks. One-dimensional 

PDQW potential can be written as  

               𝑼(𝒙) =

{

𝒂𝑳(𝒙 − (𝑳𝟏 + 𝑳𝟐))
𝟐 − 𝑽𝑳,    𝑳𝟏 ≤ 𝒙 ≤ 𝑳𝟐

𝒂𝑹(𝒙 − (𝑳𝟑 + 𝑳𝟒))
𝟐 − 𝑽𝑹,   𝑳𝟑  ≤ 𝒙 ≤ 𝑳𝟒

    𝟎,                            𝒐𝒅𝒉𝒆𝒓 𝒘𝒊𝒔𝒆

    (1) 

           

where, 𝒂𝑳 =
𝑽𝑳

(𝑳𝒘𝑳)
𝟐, 𝒂𝑹 =

𝑽𝑹

(𝑳𝒘𝑹)
𝟐, left well width is 𝑳𝒘𝑳 =

|𝑳𝟐 − 𝑳𝟏|,  and right well width  is 𝑳𝒘𝑹 = |𝑳𝟒 − 𝑳𝟑| and 

distance between two well is  𝒅𝒘 = |𝑳𝟑 − 𝑳𝟐|. We use 

dimensionless form of the Schrödinger equation by using the 

Effective Bohr radius (𝐚𝟎
∗ ) and Hartree energy (𝐄𝐇

∗ ) for scales.  

So, Schrödinger equation becomes 

 

−
1

2

𝑑2𝜓

𝑑𝑥2
+ 𝑈(𝑥̃)𝜓 = 𝐸̃𝜓                                               (2) 

 

Finite difference discretization method applied to the 

equation (2) as follows [2]: 

 

−𝑡̃𝜓𝑛−1 + (2𝑡̃ + 𝑈𝑛) − 𝑡̃𝜓𝑛+1 = 𝐸𝜓𝑛                           (3) 

 

where t̃ =
1

2Δx̃2
 is the hopping parameters, and we use 

abbreviation  Ũn = Ũ(x̃n). Including self-energies and 

considering matrix representations, the new form of 

Eq.2 becomes  

 

  [𝐸𝐼 − 𝐻 − ΣL − ΣR]{𝜓} = {𝑆}                                  (4) 

 

where [H] is the Hamiltonian matrix [I] is the identity 

matrix, {ψ} is the wave function vector and {S} is 

scattering term vector. ΣL and ΣRare corresponding to 

the self-energies of the left and right contacts, 

respectively. Accordingly, [H] takes form as: 

   

(

 
 
 
 

2𝑡̃ + 𝑈̃1 −𝑡̃

−𝑡̃ 2𝑡̃ + 𝑈2

0
−𝑡̃

⋯ 0 0
⋯ 0 0

0 −𝑡̃
0 0

2𝑡̃ + 𝑈3
⋱

⋱ ⋮ ⋮
⋱ −𝑡̃ 0

⋮
0

⋮
⋯

⋱
0

−𝑡̃
0

2𝑡̃ + 𝑈𝑁−1 −𝑡̃

−𝑡̃ 2𝑡̃ + 𝑈𝑁 )

 
 
 
 

                           

 

In addition, self-energy terms [Σ
L
], [Σ

R
] and source 

term {𝑆}  are given by 

 

[ΣL] = (

−𝑡̃𝑒𝑖𝑘̃𝐿Δ𝑥 0
       0 0

⋯
0
0

⋮ ⋱ ⋮
0 ⋯ 0

), 

[ΣR] = (

0 ⋯        0
⋮ ⋱        ⋮
0
0

⋯
0 0

0 −𝑡̃𝑒𝑖𝑘̃𝑅Δ𝑥

), 

{S}=(

−𝑡(̃𝑒𝑖𝑘̃𝐿Δ𝑥 − 𝑒−𝑖𝑘̃𝐿Δ𝑥

0
⋮
0

) . 

There are several methods for finding the energy 

eigenvalues corresponding to a particular potential. One 

can use eigenvalues of [H] matrix to find energy 

eigenvalues. The retarded Green’s function of the 

system is 

  [𝐺𝑟] = [(𝐸 + 𝑖𝜆)𝐼 − 𝐻 − ΣL − ΣR]
−1                       (5) 

where λ is an infinitesimally small positive number. 

Transmission coefficient T can be computed as  

              𝑇 = 𝑇𝑟[ΓL𝐺
𝑟ΓR𝐺

𝑟+]                                      (6) 

Here, ΓL = i[ΣL − ΣL
+] and ΓR = i[ΣR − ΣR

+] are 

broadening functions. Finally, density of states (DOS) 

can be computed as follows 

 𝐷𝑂𝑆 = −
1

𝜋
𝐼𝑚(𝑇𝑟[𝐺𝑟]).                                 (7) 

     

3. RESULTS 

Here, transmission coefficient (T) in parabolic 

quantum well structure is investigated, we assume the 

effective mass of the electron 0.067m0 to be constant 

through the system. The transmission coefficients are 

numerically evaluated across PDQW structure with 

different structure parameter. Lowest ten energy states 

for different structure parameters are presented in 

Tables. There are bound states and scattering state. 

Number of energy states is altering with changing 

structure parameters. 

We examine the dependence of the transmission 

coefficient on the well width as depicted in Fig.2. We 

can see in Fig. 2 and also Table 1 number of energy 

levels (bound and scattering states) increases with 

increasing well width.  We see that in Table2 because of 

the increment of well depth, the confinement becomes 

stronger and so number of bound state increases. 
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Fig. 2. Transmission probability versus electron energy. 

Structure parameter is V_L=V_R=150 meV〖,d〗_w=1 nm 

 
In order to illustrate the effect of well separation, we 

plot Fig.3 for 𝑉𝐿 = 𝑉𝑅 = 150 meV, 𝐿𝑤𝐿 = 𝐿𝑤𝑅 =
10 nm. We can see that in Fig.3 and Table 3 energy 

level decreases with increasing well separation. 

 
Fig. 3. Transmission probablity versus electron energy. 

Structure parameter is V_L=V_R=150 meV, L_wL=L_wR=10 
nm 

Density of states (DOS) is calculated for 5 nm, 10 nm 

and 15 nm symmetrical well width structures by 

calculating the diagonal elements of retarded Green’s 

function. As shown in Fig.4 the first peak in the DOS 

for all structure is sharp and high. Energy level position 

is consistent to the T(E) in Fig.2. Existence of sharp 

resonance states are reported form the knowledge of 

density of states [16]. DOS also helps to predict the 

device performance. 

Table 1. Eigen states of PDQW with different well width for  
V_L=V_R=150 meV, d_w=1 nm 

𝐿𝑤𝐿 = 𝐿𝑤𝑅
= 5 𝑛𝑚 

Eigen-states 

(E-S) (meV) 

𝐿𝑤𝐿 = 𝐿𝑤𝑅
= 10 𝑛𝑚 

E-S (meV): 

𝐿𝑤𝐿 = 𝐿𝑤𝑅
= 15 𝑛𝑚 

E-S (meV): 

𝐿𝑤𝐿 = 𝐿𝑤𝑅
= 20 𝑛𝑚 

E-S (meV): 

-46.5 -93.7 -111.2 -120.7 

-44.1 -80.3 -108.6 -120.1 

295.3 242 -36.1 -63.1 

579.6 213.3 -15.5 -56.9 

965.4 341.2 52.6 -5.6 

1427.3 502.6 105.8 17.9 

1974.9 682.7 185.2 68.7 

2607.1 890.1 266.7 112.3 

3321.5 918.0 365.2 171.1 

4122.4 1120.0 471.4 230.8 

 

 

  
Table 2. Eigen states of PDQW with different well depth for 

L_wL=L_wR=10 nm, 〖 d〗_w=1 nm 

𝑉𝐿 = 𝑉𝑅
= 150 𝑚𝑒𝑉 
Eigen-states 

(E-S) (meV) 

𝑉𝐿 = 𝑉𝑅
= 300 𝑚𝑒𝑉 
E-S (meV): 

𝑉𝐿 = 𝑉𝑅
= 600 𝑚𝑒𝑉 
E-S (meV): 

𝑉𝐿 = 𝑉𝑅
= 900 𝑚𝑒𝑉 
E-S (meV): 

-93.7 -217.7 -482.7 -756.3 

-80.3 -211.9 -481.2 -755.8 

24.2 -58.8 -250.6 -469.4 

91.8 -13.6 -233.2 -462.4 

213.3 129.8 -25.7 -190.0 

341.2 245.7 52.4 -146.1 

502.6 413.7 246.5 92.7 

682.7 590.0 405.7 221.3 

890.1 799.3 622.9 454.9 

1120.0 1028.0 845.8 665.5 

 

  
Table 3. Eigen states of PDQW with different well separation  

for 〖V_L=V〗_R=150 meV, L_wL=L_wR=10 nm 

 𝑑𝑤 = 1 𝑛𝑚 

Eigen-states 

(E-S)(meV) 

 𝑑𝑤
= 5 𝑛𝑚 

E-S(meV): 

𝑑𝑤
= 10 𝑛𝑚 

E-S(meV): 

 𝑑𝑤
= 20 𝑛𝑚 

E-S(meV): 

-93.7 -88.6 -87.4 -87.2 

-80.3 -85.8 -86.9 -87.2 

24.2 16.5 10.9 5.5 

91.8 56.0 36.4 19.7 

213.3 136.3 82.7 41.4 

341.2 235.6 153.5 74.2 

502.6 343.3 233.9 119.3 

682.7 475.2 321.0 173.2 

890.1 621.8 424.0 231.8 

1120.0 784.7 540.4 294.9 
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Fig. 4. DOS 

  

 

4. CONCLUSION 

Numerical results of the transmission coefficient are 

obtained for several parabolic double quantum well 

structures. We are found that the energy states and 

resonant peaks shift towards the lower energy region as 

the distance between wells increases. New resonant 

peaks emerge when the well widths or depths become 

wider. These structures are useful for the design of 

electronic devices. 
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ABSTRACT In this study, ZnO thin films were grown on glass, n-Si (100), c axis 

textured graphite and indium tin oxide coated glass (ITO) substrates by ultrasonic spray 

pyrolysis method. X-ray diffraction studies showed that ZnO samples have hexagonal 

structure with (002) preferred direction. The preferred orientation of the sample 

prepared on ITO substrate changed from (002) to (101). Some diffraction peaks of 

graphite and ITO substrates were observed in X-ray diffraction pattern. Lattice 

parameters of ZnO samples grew on glass, graphite and ITO substrates were 

approximately equal to lattice parameters of bulk ZnO (a = 3.249 Å and c = 5.206 Å). 

Quasi-aligned hexagonal shaped ZnO microrods were obtained for glass and ITO 

substrates. Room temperature photoluminescence measurements indicated a sharp 

ultraviolet luminescence at ~380 nm. Band gap values were found from UV peak position 

between 3.25 – 3.28 eV. Relative intensity of defect related peaks between 400–700 nm in 

photoluminescence spectra decreased significantly for ITO substrate.  

Keywords: ZnO; USP Method; Substrate; Format.  

Cite this article: E. Bingöl, F. Bozali, E.F. Keskenler, V. Nevruzoğlu, M. Tomakin. Influence 

of substrate type on morphology and photoluminescence properties of ZnO thin films prepared 

by ultrasonic spray pyrolysis method. Turk. J. Mater. 1(1) (2016) 19-24. 

1. INTRODUCTION 

In recent years, micro- and nano-structured 

materials are becoming increasingly important in 

technology. These materials are intensively working 

for device applications such as field-effect transistors 

[1], single-electron transistors [2], photodiodes [3] and 

chemical sensor [4]. Among these materials ZnO has 

an important place due to its direct band gap of about 

3.37 eV, its large exciton binding energy (60 meV) and 

its low cost. Therefore, fabrication of ZnO micro- and 

nano-structures in different morphologies is of critical 

importance for the development of novel device. 

http://www.scienceliterature.com/
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 ZnO has various morphologies such as 

microsphere [5], microcomb [6], nanorod [7], nanotube 

[8] and nanowire [9]. Different methods such as 

chemical vapor deposition [10], thermal evaporation 

[11], spray pyrolysis [12] and chemical bath deposition 

[13] can be used for preparation of micro- and nano-

structured ZnO samples. Spray pyrolysis method is 

simple and low cost for deposition of different 

materials [14]. Atomization of solution in spray method 

can be carry out by ultrasonic nebulizer, improved 

hydrolysis spraying, corona spraying, electrostatic 

spraying and pneumatic spraying [15]. Atomization 

type is important parameter due to better control over 

droplet size and its distribution on the substrate. 

Nowadays, spray by ultrasonic nebulizer has come into 

one of the most powerful methods for preparation of 

nanostructured materials [16]. Also, substrate type 

effects surface morphology of the thin films due to 

differences in the thermal conductivity and surface 

energy of the substrates [17]. 

In this study, undoped ZnO thin films were 

deposited on glass, Si, graphite and indium tin oxide 

coated glass substrates by ultrasonic spray pyrolysis 

(USP) method. Our aim is investigation of the 

correlation between structural and optical properties of 

ZnO thin films and substrates. 

 

2. EXPERIMENTAL 

ZnO thin films were prepared on different substrates 

(glass, n-Si (100), c axis textured graphite and indium tin 

oxide coated glass (ITO)) by ultrasonic spray pyrolysis in air 

atmosphere. First of all, substrates were cleaned 

ultrasonically with acetone, ethanol, and deionized water, 

respectively and then the substrates were dried by air flow. 

The initial solution was prepared from zinc chloride (ZnCl2) 

at 0.15 M concentration in deionized water. Film growth was 

performed with a spray rate of about 2 ml/min. The substrate 

temperature was 400 °C and the process was carried out at 

atmospheric pressure. During growth, the substrates were 

rotated at 3.5 rpm in order to produce uniform and 

homogenous films. The crystal structure of ZnO thin films 

was examined by X-ray diffraction (XRD) using Rigaku 

Smartlab with CuK radiation ( = 1.5408 Å) over the range 

2 = 30–60 at room temperature. Morphological 

information was obtained by JEOL JSM 6610 scanning 

electron microscope (SEM). Elemental analysis was studied 

by using Oxford Instruments Inca X-act energy dispersive X-

ray spectroscopy (EDS) attached to the SEM. Room 

temperature photoluminescence (RTPL) spectra were 

measured using SpectraMax M5 spectrophotometer with a 

xenon flash lamp as light source operating at 280 nm and with 

an output power of 150 W. 

 

3. RESULTS 

Fig. 1 shows the XRD spectra of the ZnO thin films 

prepared on different substrates. ZnO thin films had 

hexagonal structure.  The preferred orientation was 

(002) plane and its intensity were same approximately 

for glass and n-Si. The preferred orientation and peak 

intensity decreased for graphite and ITO substrates.  

Also, the preferred orientation changed from (002) 

plane to (101) plane for ITO substrate. A small 

diffraction peak at approximately 43° (+) was observed 

in XRD pattern of the ZnO thin films prepared on glass 

and n-Si substrates. This peak can be attributed from 

(200) plane of cubic ZnO phase (PDF Card No.: 01-

077-9353). However, the orthorhombic Zn2SiO4 (zinc 

silicate) phase has (004) diffraction peak at 

approximately 43° (PDF Card No.: 00-024-1469). 

Zn2SiO4 phase can be formed due to relatively high 

deposition temperature of ZnO thin films. Similar 

results were found by another researcher for ZnO 

samples [18, 19]. Diffraction peaks of ITO (*) and 

graphite (#) structures were formed in the samples 

prepared on ITO and graphite substrates.  

The lattice parameters a and c were calculated 

according to the following relation: 

 
1

𝑑2
=

4

3
(
ℎ2+ℎ𝑘+𝑘2

𝑎2
) +

𝑙2

𝑐2
   

 (1) 

where d is interplanar spacing of atomic planes and 

(hkl) is Miller indices. Calculated latttices parameters 

were listed Table 1. Lattice parameters of ZnO samples 

for glass, graphite and ITO substrates were 

approximately equal to lattice parameters of bulk ZnO 

(a = 3.249 Å and c = 5.206 Å). But, large amount 

change in a and c values (3.271 Å and 5.238 Å) of ZnO 

thin film for n-Si substrate was observed. 
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Figure 1. X-ray diffraction patterns of ZnO thin films for a) 

glass b) n-Si, c) graphite and d) ITO substrates. 
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Table 1. a and c attice parameters, compositional ratio, thickness (t) and band gap (Eg) of ZnO thin films. 

 

The thickness of the films was determined from the 

cross-sectional SEM micrographs (Fig. 2.) and was 

listed in Table 1. The thickness of the ZnO thin films 

prepared on glass, n-Si, graphite and ITO substrate was 

found as 1.20 m, 0.88 m, 0.56 m and 0.55 m, 

respectively. It was observed that substrate type had 

significant effect on the thickness of ZnO samples and 

ZnO sample grown with the largest thickness on glass 

substrate. The surface morphologies of ZnO thin films 

were studied by SEM and results were shown in Fig. 2. 

 

 As can be seen, substrate type affects significantly 

surface morphology of the samples. This result can be 

attributed to the differences in the thermal conductivity 

and surface energy of the substrates [17]. The thermal 

conductivity and the surface energy values of the 

substrates were listed in Table 2. It can be seen from 

Table 2 that glass and ITO substrates have the lowest 

thermal conductivity value, and glass and n-Si 

substrates have the largest surface energy value. 

Samples prepared on glass and ITO grew as quasi-

Substrate a (Å) c (Å) Zn ( at.%) O (at.%) Zn/O t (m) Eg (eV) 

Glass 3.256 5.213 51.2 48.8 1.05 1.20 3.26 

n-Si 3.271 5.238 52.9 47.1 1.12 0.88 3.25 

Graphite 3.254 5.214 52.4 47.6 1.10 0.56 3.27 

ITO 3.253 5.211 54.8 45.2 1.21 0.55 3.28 

Figure 2. Surface and cross section (CS) scanning electron micrographs of ZnO thin films 
for a) glass b) n-Si, c) graphite and d) ITO substrates. 
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aligned hexagonal shaped microrods with diameters 

varying between 0.3 and 0.7 m. It can be said 

according to these results that ZnO thin films prepared 

on substrates (glass and n-Si) with high surface energy 

have large thickness, and ZnO thin films prepared on 

substrates (glass and ITO) with low thermal 

conductivity have hexagonal shaped microrods. 

Different researchers were found similar hexagonal 

shaped microrods structure for ZnO thin films prepared 

with spray pyrolysis method [20-22]. However, while 

microrods for ZnO sample on glass substrate had c-axis 

orientation on substrate surface, microrods in ZnO thin 

film prepared on ITO had randomly orientation. The 

preferred orientation change seen in XRD data of the 

ZnO thin film prepared on ITO substrate confirms this 

result. The reason of randomly orientation in ZnO 

microrods prepared on ITO could be the lower surface 

energy of ITO than that of glass. The surface of the ZnO 

samples prepared on glass and n-Si had some voids. 

The larger grain size was obtained for n-Si substrate. 

Grain structure of ZnO thin film for graphite substrate 

was close packed, different size and shape. Zhang and 

co-worker in a similar study were obtained pyramidal-

shaped nanosheets for ZnO prepared on graphite 

substrate [23]. The composition ratio of the films was 

determined by EDS analysis. Fig. 3 shows a typical 

EDS spectrum of the ZnO sample prepared on Si 

substrate. The atomic percent (at.%) of Zn and O in the 

films are listed in Table 1. It was observed that 

composition ratio of samples changed significantly 

depending on substrate type. All samples are Zn-rich 

because of Zn/O ratio is larger than 1. But ZnO sample 

prepared on glass substrate was more stoichiometric 

than the other samples. 

 

 
Figure 3. Energy dispersive X-ray spectroscopy of ZnO thin 

films for n-Si substrate. 

 

Room temperature photoluminescence 

spectroscopy (RTPL) was performed for investigation 

of the optical properties and structural defects. Fig.4 

shows RTPL spectra of the samples. The samples 

exhibited sharp and predominant UV luminescence at 

approximately 380 nm, which demonstrates high 

crystallinity. However, the intensity of UV peak for 

graphite and ITO substrate increased. The origin of near 

band edge UV emission is due to the free exciton 

recombination [24]. 
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Figure 4. Room temperature photoluminescence spectra of 
the ZnO thin films for a) glass b) n-Si, c) graphite and d) ITO 

substrates. 

   

The peak at 756 nm is related to second-order 

properties of the UV peak [25]. The position of UV 

peak was used for determining of band gap (Eg) of the 

samples. Obtained band gap values listed Table 1, 

which were between 3.25 – 3.28 eV.  Five defect related 

peaks were observed at 420, 440, 480, 530 and 625 nm 

for RTPL spectra of ZnO samples on glass substrate. 

The peak at 420 nm attributes to interstitial zinc atoms 

(Zni) [21]. The peaks at 440 nm and 480 nm are related 

to transitions of interstitial Zn levels to vacancy Zn 

levels and transitions of interstitial O levels to vacancy 

O levels, respectively [26]. The peak at 530 nm can be 

related to vacancy Zn, interstitial Zn, vacancy O, 

interstitial O and anti-sites defects [25, 27]. The broad 

peak at 625 nm can be explain with to O and Zn anti-

sites [28]. The defect peak at 625 nm for n-Si substrate 

and defects peaks between 400 – 500 nm for graphite 

substrate disappeared. In addition, the region between 

400 – 700 nm in RTPL spectrum of ZnO on ITO 

substrate had become more flattened, which shows that 

defects concentrations decrease. We found that 

although ZnO thin films prepared on ITO and graphite 

substrate had lower XRD intensity, lower thickness and 

lower stoichiometry (higher Zn/O ratio), they had 

higher UV intensity, which is reverse in the expected 

situation.  This result can be explained with surface 

properties of ZnO thin films. As can be seen from Fig. 

2 ZnO thin films prepared on glass and n-Si substrates 

had more voids on their surface. Higher voids density 

increase surface defects and so UV intensity of ZnO 

thin films decrease. It is known that the effect of the 

surface becomes important when dealing with samples 

having high surface to volume ratio and so the presence 

of surface states must be considered as potential 

influencers on the material’s optical properties [29]. 
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Thus, substrate type affects significantly luminescence 

properties of the ZnO films by defect type and their 

concentration. 

 
Table 2. Thermal conductivity and surface energy of glass, Si 
(100), graphite and ITO coated glass substrates [17, 30-33]. 

 

 

4. CONCLUSION 

Structural and optical properties of ZnO thin films 

grown by ultrasonic spray pyrolysis on different 

substrates were investigated. It was determined from 

XRD result that ZnO samples have hexagonal structure. 

The preferred orientation of sample prepared on glass, 

n-Si and graphite substrates was (002) plane. But the 

preferred orientation for ITO substrate changed from 

(002) to (101). Also peak intensity decreased 

significantly for ITO and graphite substrates. The 

lattice parameters of a and c (3.271 Å and 5.238 Å) for 

ZnO thin film grown on n-Si substrate changed 

significantly compared to the bulk values (a = 3.249 Å 

and c = 5.206 Å). ZnO sample with the largest thickness 

was obtained on glass substrate. According to the SEM 

results, ZnO thin films prepared on glass and ITO 

substrates had a hexagonal rod morphology. But, ZnO 

microrods for ITO had randomly orientation on 

substrate surface. A sharp ultraviolet luminescence at 

380 nm and some defects peaks at 420, 440, 480, 530 

and 625 nm for all samples were observed from 

photoluminescence spectra. However, the maximum 

UV peak intensity was observed for ITO and graphite 

substrates.   
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