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In this paper we have studied the influence of substrate temperature deposition on
structural and substructural characteristics of magnesium oxide films by X-ray diffraction
analysis. The thin films of MgO were prepared by spray pyrolysis technique from magne-
sium chloride solution. We have established the phase composition, the lattice constant,
coherent scattering domain size, microstrain level of the films. The optimal conditions for
the application of the homogeneous single-phase films of stoichiometric composition were
identified.
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B pabore meromom peHTreHOAMGPAKIIMOHHOIO aHaM3a ObLIO HPOBEIEHO ICCJIeS0BAHIE
BIUAHHUS TEMIIEPATYPhl IMOMJIOMKHN IIPU OCAKICHUU HA CTPYKTYPHBIE M CYOCTPYKTYPHBIE
XapPaKTePUCTUKH ILJIEHOK OKcHAa Marausd. [[IeHKu OblIM IIOJyYeHBl METOAOM CIIpPeil-IUpoJIn-
3a M3 PacTBOPaA XJopuiaa MarHus. Boiam ompeneseHbl (DasoBBIM COCTAB, IIEPUOJ KPUCTAJIU-
YEeCKOM pellleTKH, pasmMep 00JlacTell KOrepeHTHOr0 paccesdHUus, YPOBEHb MUKpoaedopmalinii B
IJIeHKAX, [OJYUYEHHBIX [IPU PA3JIUYHBIX TEMIIEPaTypax OCAKICHUA. ¥ CTAHOBJEHBI OIUTUMAJb-
Hble YCJIOBUA HAHECEHUS OJHOPOTHBIX ONHOMASHBIX ILIEHOK CTEXMOMETPUUECKOTO COCTABA.

Bnane temMmepatrypu miKJaIKM Ha CTPYKTYPHI Ta CyOCTPYKTYpHi XapaKTePUCTHKH
toukux miaisok MgO. O.B./[’auenxo, A.C.Onanacwk, JI.I.Kyp6amos, B.M.Kysneyos, X.Heone.

B po6ori meTomoM pentreHogudpakIiiinoro anajaisy 0yao mpoBefeHe TOCTIMKEHHSA BILJIU-
BY TeMIEepaTypu TiAKJAAKM MiJ Yac ocaJ:KeHHA Ha CTPYKTYPHI Ta cyGCTPYKTYpPHI XapakTe-
PHUCTUKM TUIIBOK OKCUAYy MarHito. IIniBKu 6yam oTpuMaHi MeTomoM cHpeii-miposisy 3 posuu-
HY XJopupny Martino. Bymo BusHaueHno (pazoBuit cKJyan, mepios KPpUCTANiYHOI IpaTKM, PO3MIp
obJyacTeil KOTePeHTHOTO PO3CilOBaHH:A, PiBeHbL MiKpomedopmariit y mriBkax, OTpUMaHUX TPU
pisHUX TeMIepaTypax ocajsykeHHs. BeraHoBisieHI onTMMaJbHI yMOBM HaHeCeHHS OJHOPIAHUX
ogH0(}a3HNX ILUIIBOK CTEXiOMETPUYHOTO CKJIAAY.

1. Introduction

Magnesium oxide (MgO) is broad-gap
semiconductor compound, which due to its
physical and chemical properties has wide
practical application. Single-crystal MgO
films are widely used as chemically stable
substrate for growing high-temperature su-
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perconductors and ferroelectric materials
[1-4], as dielectric layer of plasma screens
[5, 6], as insulator, alternative to SiO,, for
use in high capacity electrical circuits [7],
etc. In addition, this compound has been
used as antireflection layer in solar cells
and as a gate in MOSFETSs etc. [8].
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MgO relates to II-VI group wide-gap
semiconductors which have attracted much
attention of researchers due to their unique
electrical and optical properties [9]. It has
the crystalline structure similar to NaCl and
characterized by wide band gap (Eg=7 .3 eV),
high thermal conductivity and melting tem-
perature of 3125 K [5, 7, 8, 10, 11].

There are different methods to obtain the
MgO thin films and nanostructures of such
as: pulsed laser and thermal evaporation,
high frequency magnetron sputtering cath-
ode, chemical vapor deposition, spray pyro-
lysis [10, 12-16], etec. Lately, non-vacuum
methods, among them spray pyrolysis, was
also used for deposition of metal oxides.
This method is one of the most promising
for semiconductors film deposition and in-
sulators due to its low cost, high deposition
rate and eligibility for deposition of large
area thin films of different materials.

The majority of authors have studied
structural, electrical and optical properties
of the MgO films, deposited by the spray
pyrolysis technique, using precursors based
on magnesium acetate or magnesium acety-
lacetonate [16—21]. The presented paper de-
scribes the results of comprehensive study
of the influence of deposition temperature
on the structural and substructural proper-
ties of thin films obtained from magnesium
chloride solution.

2. Experimental details

Magnesium oxide films were obtained on
glass substrates 1x1 em? by spray pyrolysis
technique. Before deposition the substrates
surface were cleaned in ultrasonic bath for
8 minutes. We used 0.2 M magnesium chlo-
ride hexahydrate (MgCl,-:6H,0) aqueous so-
lution as precursor solution.

Previous experimental studies [1], al-
lowed to determine temperature conditions
for obtaining the single-phase magnesium
oxide films. Thus, obtaining of the films
was carried out at the substrate tempera-
ture range of T,=640 K to 690 K with
step A10 K. For synthesis of the thin layers
we used the setup described in the papers
[2, 22].

Substrates temperature during the films
obtaining was measured using a chromel-
alumel thermocouple. Distance between the
nozzle and the heated substrate was equal
to 12 em. To transport the dispersed pre-
cursor particles, air flow with pressure of
0.25 MPa was used. Spraying rate was
2 ml/min at volume of the sprayed solution
of 2 ml per the sample.

2

Automated X-ray diffractometer DRON
4-07 was used to determine the structural
properties. All measurements were carried
out in Ni-filtered Ko radiation of copper
anode (U = 30 kV, I = 20 mA) in the range
of 20 angles from 20° to 80°, where 20 is
the Bragg’s angle in continuous registration
mode (speed — 1°/min, 0.02 degrees step).
Experimental results were transferred di-
rectly into DifWin software for the experi-
mental data analysis. Accuracy of determi-
nation of the lattice constant of the mate-
rial was 0.001 % [25].

The diffraction patterns were normalized
to the peak intensity of (200) plane cubic
phase of the compound. Phase analysis was
performed by comparing the interplane dis-
tances and relative intensities of the inves-
tigated samples and the standard according
to JCPDS [23].

The texture quality of the films has been
estimated by the Harris method [9, 22, 24~
26]. Pole density was calculated by the fol-
lowing formula:

I,/ Iy;) (1)
i N ’
1/NY (I;/ Iy
i=1

where I;, I, are integrated intensities of
i-th diffraction peak for the film sample
and standard; N is number of lines that are
present on the diffraction pattern.

After that P; — (hkl); and P; — @ de-
pendences were plotted, where ¢ is the
angle between the axis of the texture and
perpendicular to different crystallographic
planes, which correspond to the reflections
in the XRD patterns, (hkl) — Miller in-
dexes. This angle was calculated for the
cubic lattice, using the expressions given in
[25]. Texture axis has those indexes, which
correspond to the largest value of P;.

The orientation factor of the sample can
be calculated from the expression:

1
F=Ng SP-1?

i=1

Calculation of constants a of the cubic
phase of the material was performed sing
the following formula [26]:

az:,L (B + k2 + 12).
2sinf

The lattice constants were determined
using the Nelson-Riley extrapolation

Functional materials, 22, 4, 2015
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Fig. 1. Images of surface of films obtained at T, K: 660 (a) and 690 (b).

method [22, 25]. The linear approximation
of obtained points was carried out using the
method of least squares with the help of
OriginPro software package.

The diffractometrical method was also
used for estimation of average values of co-
herent scattering domain size (CSD) L and
microstrain (€) according to half-width of
the diffraction lines. To separate the dif-
fraction broadening caused by physical and
instrumental effects we used approxima-
tions of the X-ray line by the Cauchy and
Gauss functions. Further separation of the
contributions from dispersion on CSD and
microstrain was performed by the William-
son-Hall graphical method. Namely, the ex-
perimental data were presented in [cosd/A
—4sin0/A and (Pcos®/A)2 —(4sinb/A)2 coordi-
nates, where  is physical broadening of X-
ray line, Ais X-rays wavelength [21]. Addi-
tionally, the microstrain and size of CSD
were determined by the method of approxi-
mation of the X-ray line as threefold convo-
lution [25]:

tB%1 - B ’
9 _ cB# By - BHBy
16tg0,(cBy — tB;)’

L =\/cosb; -

where ¢ = tg20,/tg20;; ¢ = cos0;/cosby; By =
V(B)? - (b)%; 6; and 06, — are diffraction
angles of the pairs of analyzed lines; and
B;, b;, Bﬁ are the measured, instrumental
and physical broadening of the correspond-
ing X-ray lines.

The microstresses level was calculated by
the formula 6 = Ee where E is the Young’s
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modulus, which equal to E = 90 GPa and it
was taken from [27].

Further using the CSD size values and
microstrains the average dislocation density
within CSD, on their boundaries, and its
total value was estimated. In this case, we
used the following equations. The average
dislocation density, which forms the
boundaries of the blocks, is p; = 3n/L2 [26],
where n is number of the dislocations in
each of six faces of the block. If the dislo-
cations are located mainly inside CSD, the
dislocation density is calculated by p, =
4/F(2¢/dy)? [26], where F shows how many
times the dislocation energy grows under
interaction with other dislocations; and d
is the lattice constant of the material in
appropriate direction. Taking n = F = 1, the
minimal value of p; and maximal value for
pe can be estimated.

To determine the total concentration of
the dislocations we used another equation p
= 15¢/(dyL) [25]. These allowed us to calcu-
late the dislocations concentration, in the
within CSD, on their boundaries, and the
total concentration.

3. Results and discussion

Using scanning electron microscope
(SEM) the films surface was investigated.
SEM images of magnesium oxide films (-
Fig. 1) showed that the films contain with
amorphous phase as well as crystallites
mostly with cubic shape.

Fig. 2a shows the diffraction patterns of
the MgO films deposited at substrate tem-
peratures from T, = 640 to 690 K. The
analysis showed that all XRD lines corre-
sponding to the cubic phase of MgO. Reflec-
tion from crystallographic planes of other

3
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(111) (200)

(220) (222)

a.u.

Pole density, a.u.
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Fig. 2. XRD patterns (a) and pole density (P;) as dependent function of angle ¢ between axis of the
texture and normal to the reflecting plane (b) of MgO films obtained at T, K: 640 (1), 650 (2), 660
(3), 670 (4), 680 (5) and 690 (6) and orientation factor (f) for the films obtained at different

substrate temperatures (inset).

phases was not observed in the diffraction
patterns. It was indicated that in this tem-
perature range, the obtained samples were
single-phase (according to accuracy of the
method). It should be noted that magnesium
hydroxy compounds were observed in the
films obtained at substrate temperatures T
< 640 K [2].

X-ray analysis showed that reflections
from crystallographic planes of (111) and
(200) of cubic phase of magnesium oxide
had the dominant intensity, which indicated
the growth texture in the films.

Calculations of the pole density P; and
orientation factor f confirmed presence of
pronounced axial growth texture of MgO
layers [111]. Fig. 2b shows that similar
growth texture was also observed by the
other researchers, in [20, 21, 28].

Fig. 2b (inset) shows the dependences
orientation factor on the substrate tempera-
ture. As can be seen from the figure, with
increasing the substrate temperature, the
texture quality also increases.

The dependence of the lattice constant of
MgO on the substrate temperature is pre-
sented in Fig. 8. The dotted line in the fig-
ure shows the reference values given for
this compound [23].

As can be seen from the figure, the lat-
tice constant of MgO layer that was ob-
tained at T,=640 K is equal to a=
0.42154 nm. These values are lower than
the reference ones. With increasing the sub-
strate temperature we observed a gradual
increase in the lattice constant of the mate-
rial (@ = 0.42270 nm at T, = 660 K) to val-
ues that exceed the reference (a=

0,42500
754 ™~
0,42375 g
i7 50 h N

g 0,42250 | 2 640 650 660 670 680 690
© /N

0,42125

0,42000 T T T T

640 650 660 670 680 T,K

Fig. 8. Dependence of lattice constant of MgO
on substrate temperature and volume of
primitive cubic cell in the obtained MgO
films (inset).

0.42270 nm [28]). With the further in-
crease of T, the lattice parameter of MgO
decreased.

Further, using calculated values of the
lattice constant the volume of a primitive
cubic cell was found. As could be seen from
Fig. 3, (inset) the increasing of the substrate
temperature from T, =640 K to T, = 660 K
led to increase of the cell volume from V =
74.91-1030 m™3 to V = 75.53-1030 m 3. With
the further increase of T, the volume of the
primitive cubic cell is decrease to V =
74.94.1089 m~3, while reference data of V
are equal to 75.15-1030 m~3,

Estimations of the substructural parame-
ters of the obtained films were carried out
for [111] direction of crystal lattice of the
cubic phase (by reflections from (100) plane
and (222) plane). The results of calculations
of the CSD and microstrain are summarized

Functional materials, 22, 4, 2015
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Fig. 4. Effect of substrate temperature on (a) CSD L and (b) microstrain e obtained using the Gauss
(1) and Cauchi (3) approximation and from threefold convolution (2).

in Table 1 and Fig. 4. As can be seen from
Fig. 4, the values of the substructural pa-
rameters, obtained with the help of differ-
ent approximations, correlate well with each
other, as it should be on theoretical consid-
erations. This confirms the reliability of the
results. However, the most accurate values
were obtained by threefold convolution of
the functions.

It is shown (Fig. 4a) that increasing the
substrate temperature of the thin films
leads to decrease of CSD from L ~ 43 nm
(T, =640 K) to L ~ 16 nm (T, =660 K) in
the [111] direction and then increase to L ~
41 nm (T, =690 K). The authors of [19]
using the Sherrer’s ratio obtained similar
values of the CSD sizes (L =15 nm) for
magnesium oxide films obtained at tempera-
tures of 673 K and 723 K from solutions of
magnesium acetylacetonate as precursor.
Also, similar results L =16 nm were ob-
tained in [17]. These authors have synthe-
sized films at temperature range from T, =
673 K to 873 K using magnesium acetate as
precursor in ethanol with HCIl and TEG.

Fig. 4b shows that the dependence of mi-
crostrains level on growth temperature has
the similar trend as the CSD dependencies.
Firstly the microstrains of thin films de-
crease from 2.75.10738 (T, =640 K) to
1.89-1073 (T, = 650 K) and then increase to
4.35-1073 (T, = 690 K).

The estimations of the microstrain al-
lowed to calculate microstress (o) in the
films, and it was established that the mi-
crostress values varied in the range of ¢ =
172—-392 MPa.

On the basis of the substructure calcula-
tions the average dislocation density in the
films was estimated (Table 2). It well known
that in II-VI compounds the dislocations
are active recombination centers that limit
the lifetime of the free charge carriers.
Figure 5 shows the average dislocation den-
sity at the boundaries of CSD, in the bulk
and the total dislocation density as function
of the substrate temperature. As can be
seen from the Fig. 5, with increasing of the
substrate temperature we observed some in-
crease in the average dislocation density at

Table 1. Sub-structural features of MgO films obtained using different approximations

T, K (hkl) L, nm €103

Approximation by From Approximation by From

Gauss Cauchi convolution Gauss Cauchi convolution
640 (111)-(222) 37.7 63.1 42.8 3.17 2.85 2.75
650 (111)-(222) 20.1 49.5 27.9 2.87 1.14 1.89
660 (111)-(222) 16.1 17.8 16.2 2.56 0.91 1.91
670 (111)-(222) 27.2 41.4 29.6 3.77 2.67 3.19
680 (111)-(222) 32.5 65.2 40.7 4.82 3.99 4.85
690 (111)-(222) 32.5 65.2 40.7 4.82 3.99 4.85

Functional materials, 22, 4, 2015
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Fig. 5. Dependence of dislocation density on
substrate temperature: (I) dislocations lo-
cated mainly in the bulk of CSD; (2) disloca-
tions that form the boundaries of the blocks;
(3) the total concentration of dislocations in
the material.

the boundaries of CSD and then its de-
crease. Whereas, the concentration of the
dislocations on the boundary of CSD is
slightly increase. As a result, the total dis-
location density is almost independent of
substrate temperature (p;. = 1.02-1.87-10"
16 1in/m?2). The calculations indicate that
the dislocations are mainly concentrated on
the boundaries of CSD. The bulk of crystal-
lites in the thin films are almost free from
the dislocations.

IV. Conclusions

In this paper we report the comprehen-
sive study of the structural (texture quality
and lattice constants) and sub-structural
(coherent scattering domain size, micros-
trains, and dislocation density) charac-
teristics of mnanostructured magnesium
oxide films obtained by spray pyrolysis
technique at the different substrate tem-
peratures. 0.2 M magnesium chloride hexa-

The X-ray diffractometric researches
have allowed us to establish, that the MgO
film were single-phase (according to accu-
racy of the method) and had cubic structure
with the high-quality texture growth of
[111], the quality of which depended on T,.
The values of lattice constant (¢ = 0.4215-
0.4227 nm) were calculated. It was found
the trend to the slight increase of a at the
temperature of T, = 640-660 K, with fol-
lowing decreasing of the lattice constant at
the high temperatures.

It was established that the CSD sizes in
the MgO films and microstrains in direc-
tions perpendicular to the crystallographic
planes of (111) were L(yy;) = 16.2-42.8 nm
and € ~ (1.89-4.35)-107° respectively.

On the basis of the calculations of € and L,
the average density of dislocations located
in the bulk (p, = 2.04-9.84:101% lin/m?) and
on the boundaries of CSD (p;=1.14—
3.85:10715 lin/m?2) and the total concentra-
tion (pr, = 1.02-1.87-1016 lin/m?) of the
dislocations were estimated.

It is shown that the MgO films with con-
trolled structural properties can be obtained
by changing the substrate temperature.
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