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Abstract

This study has been carried out to detail an integral thermochemical analysis of the principal reaction
in the production of zinc oxide (ZnO) thin films, including developing an analytical form of the equilib-
rium constant. Zinc oxide thin films prepared by chemical vapor deposition have been studied in terms
of deposition time and substrate temperature. The growth of the single-crystal films present two regimes
depending on the substrate temperature, with increasing constant growth rates at lower, and higher,
temperature ranges, respectively. Growth rates above 6 um-min~' can be achieved at Ts = 880 K. The
variation of the green luminescence intensities in ZnO single-crystal thin films according to the subse-
quent processing in hydrogen atmosphere have been studied. After annealing of each ZnO sample at
different temperatures, the luminescence intensity is maximal for A = 510 nm. It is established that
the concentration of the oxygen vacancies could be controlled to within two orders of magnitude for
temperatures less than 980 K. Beyond 980 K, defects of interstitial zinc is created in the ZnO films.

Key Words: Zinc oxide, chemical vapor deposition, thermochemical, activation energy, hydrogen an-
nealing, green emission.

1. Introduction

Zinc oxide (ZnO) is a wide-band-gap semiconductor (3.3 eV) with potential for applications as emitter
devices in blue to ultraviolet region and as a substrate material for GaN based devices. Pure and doped
ZnO thin films have been the subject of much investigation in the past because the ZnO system has many
important technological applications, such as in luminescent materials [1] or in piezoelectric devices, of which
it has a reasonably large piezoelectric coefficient. Acoustoelectrical devices, such as surface acoustic wave
devices (SAW), have been fabricated with ZnO [2, 3]. Due to its unique conducting mechanism based on
oxygen vacancies, zinc oxide is also used in oxygen gas sensors [4]. Optical UV lasing has already been
observed at room temperature [5]. A variety of methods have been reported for the preparation of ZnO
thin films. For example, films have been deposited by thermal evaporation [6], RF sputtering [7, 8], spray
pyrolysis [9] laser ablation [10], and variations on these methods [11-14]. In addition to these techniques,
chemical vapor deposition method has been widely used process for growing ZnO thin films owing to its
excellent versatility and suitability for mass production [15].
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For the application of ZnO in electronic materials, the control of intrinsic defects is essential since the
electrical properties are largely affected not only by extrinsic dopants but also by intrinsic defects. The
atomic and electronic structure of the intrinsic defects in ZnO has been extensively investigated by a variety
of experimental methods, e.g., electron paramagnetic resonance (EPR) [16-19], cathodoluminescence [20,
21], deep-level transient spectroscopy [22, 23], positron annihilation spectroscopy [20, 24-26], and perturbed
angular correlation spectroscopy [27, 28]. Photoluminescence (PL) properties of the zinc oxide, as well as the
electrical properties, depend directly on the growth conditions of ZnO thin films, and on their subsequent
processing. The method for ZnO films elaboration is characterized by the intensity of the luminescent band
with maximum wavelengths in the range from 500 nm to 530 nm. Several works [29-31] have studied this band
and the luminescent yellow-orange band (Apmax = 590-620 nm). Various mechanisms have been proposed
to explain the ZnO green luminescence. Many authors explored the green luminescence mechanism of ZnO
by combining PL, optical absorption and EPR spectrum. Their results showed that the green luminescence
is induced by the singly ionized oxygen vacancies in the form of F' centers [30, 32]. The study of the
EPR spectrum of F' centers in the ZnO single-crystal indicates that the oxygen vacancy Vo in the system
can be neutral, and represents a deep donor with the ionization energy equal to 2.7 eV [33]. Such centers
are not responsible for the high electrical conductivity of ZnO, but are entirely able to radiate the light
at A = 510 nm [34]. Despite this, there are many contradictory and litigious questions concerning the
interpretation of these bands. Recent electron paramagnetic resonance measurements of commercial ZnO
powders and powders prepared by SP (spray pyrolysis) at 973-1173 K show the relationship between singly
ionized oxygen vacancies and the green luminescence [35, 36]. These vacancies grow rarer while penetrating
deeply the crystallites [9].

In our opinion, the most important studies involve samples obtained in controlled conditions, and exposed
to appropriate processing. The aim of this work has been to obtain ZnO single crystal thin films by chemical
vapor deposition under controlled conditions. In section 2 we present the integral thermochemical analysis
of the principal reaction to obtain zinc oxide thin films and growth conditions. In section 3, we investigate
(a) the green luminescence of ZnO thin films and (b) the nature of the variation of the green luminescence
intensities according to the conditions of the subsequent processing in a hydrogen atmosphere.

2. Experiment

The chemical vapor deposition (CVD) method has been widely used process for growing ZnO thin films
owing to its excellent versatility and suitability for mass production. Another advantage of the chemical
vapor deposition technique is that it can be adapted easily for production of single-crystal thin film thickness
~2 mm. The ZnO films were prepared in a vertical hot-wall CVD type reactor, illustrated in Figure 1. The
CVD apparatus consists of: (1) electric furnace, (2) quartz tube reactor, (3) substrate holder (4) crucible,
(5) substrate, (6) thermocouple, (7) reactor holder, (8) cover, (9) guard heater, (10) pressure sensor and (11)
to vacuum pump. The films were prepared on sapphire (Al;O3) substrates under Hy atmosphere. The total
pressure Pz was controlled from 0.117 to 0.216 MPa and the deposition temperature Tt uciple Was varied
from 900 K to 1100 K. The substrate temperatures used in our experiment ranged from 800 K to 960 K.
The samples studied were grown under the reaction

ZnO(c) + Hay(g) & Zn(g) + HaOyg. (1)

where The hydrogen (Hsy) was used as the carrier gas to transport the reactant.
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Figure 1. Schematic diagram of the vertical hot-wall CVD apparatus.

Of ZnO films that are obtained by reaction (1), the luminescence intensity is maximal for Apax = 510
nm, not only in the as-cast condition but also after being heat-treated in air.

After deposit the samples are annealed in a furnace using a quartz tube reactor. Photoluminescence (PL)
spectra were measured at room temperature using a home-assembled system. PL spectra were measured
using a Bentham TM300 multiple grating monochromator. The PL was excited by a Xe arc lamp with
output at wavelength 415 nm. The samples were formed of ZnO single crystal thin films (thickness ~2 mm)
grown on sapphire (Al2O3) at Terucible = 990 K and Tsybstrate = 880 K.

3. Results and Discussions

3.1. Thermochemical study of reaction (1)

The specific relation between such reaction and growth conditions is not clear unclear. Because of its high
vapor pressure, growth of ZnO from melt is difficult, and similarly growth by vapor deposition is difficult to
control. In order to understand ZnO growth mechanisms from the gas phase, it is important to clarify the
specific relation by a thermochemical study of reaction (1).

A description of such a chemical vapor disposition process must therefore contain four elements: (1) mass
transport to substrate, (2) incorporation of individual species on to the substrate by thermally activated
kinetic processes, (3) mass transport along the substrate surface by surface diffusion, and (4) re-evaporation
of the absorbed species into the gas phase.

The possibility of a reaction (1) taking place is governed by:

1 (a) the change in enthalpy AH accompanying the reaction,

(b)  the change in entropy AS of the system,

and the combined effects of these two factors is shown in terms of free energy (AG) change;
2 the mechanism of the reaction and the speed with which it takes place.

The heat change accompanying a chemical reaction depends only on the final and initial states of the
system, and is independent of all intermediate states (Hess’s law). This means that it is possible to determine
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the heat change for a reaction (1) which does not take place directly, by summing up a succession of the
intermediate reactions as:

ZnO e) & Zn) + 502
Zn(c) <:> Zn(l)
Zn(l) <:> Zn(g) . (2)
Ha(g) + 302(¢) 2 H20()
HQO(I) = HQO(g)

The symbols (g), (1) and (c), indicate whether the substance taking part in the reaction is gas, liquid or
crystalline solid, respectively.

The rate of change of the heat of reaction AH with the temperature in terms of the heat capacities of
the substances involved is given by the Kirchhoff equation as

(8 (aATH) > P B ACP - Z (ACP)PTOduCtS - Z (Acp)reactants : (3)

The standard heat of formation, the heat of the phase transformations, and the heat capacities with
respect to the temperature of the components taking part in reaction (2), are presented in Table 1, [37, 38,
39].

Table 1. Thermodynamic properties of same compounds interest.

Enthalpy Entropy

Species AH?(298.15) S%9s.15 Hi=e Ho=i
J-mol—! J-mol~1.K—! J-mol—! J-mol—!
Zn0O -348110 43.7
7403.7 115476
Zn 41.69 (692.7K) (1180 K)
H, 130.8
(02 205.32
H>O -285830 70.18 40936.3

Heat capacity

Heat capacity

Heat capacity

Species Coe) Co) Coio)
J-mol 1. K—! J-mol 1L.K—1 J-mol 1L K-!
49.06 + 5.11 x 10737 — 9.13 x 10°7T—2
7Zn0O
(273-1573 K)
22.42 4+ 10.50 x 10737
Zn (273 602.7 K) 31.42 20.82
27.32+4 3.27 x 10737+
H, 0.50 x 10572
(273-2500 K)
31.51+ 3.39 x 10737T—
0, 3.77 x 10572
(300-5000 K)
30.04 + 10.73 x 107 3T+
H,0 75.54 0.33 x 10572

(300-2500 K)
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The enthalpy AHy, entropy ASr, and heat capacity AC), of each species considered were calculated
using the following relations:

T
AHr = AHsgs.15 + / ACydT + > AHy (4)

298.15

[ AC AH,
— P tr
ASy = ASp, + / 7T + > T (5)
T

Cp,=A+B1073T + C10°T 2. (6)

In these equations AHt, and T, represent, respectively, the enthalpy and temperature associated with any
phase transition encountered between the reference temperature (298.15 K) and the temperature of interest.
The free energy AGr for each species considered was then calculated using the relation

AGr = AHyp — TASy, (7)

T being the Kelvin temperature at which reaction (1) takes place. The equilibrium constant K, is thus
evaluated from

—-AG
1 = — .
nKP RT (8)
For the reaction
Zng) & In(g), (9)

the heat of vaporization of zinc is calculated by equation (3) as

(6(AHZH)

9T )P = Cp(g) — Cp(l) = —10.60. (10)

After integration, equation (10) becomes
AHgz, = AHy—10.60T. (11)

where AHj is the integration constant.
The calculation of AHj is made by the Clapeyron-Clausius equation
op AH
- = 12
or  TAV (12)
The molar volume V; of the condensed phase will be small and can be neglected in comparison with V,
the molar volume of the vapor; equation (12) will then become

dp  AH

5T = TV (13)

The vapor pressure is relatively small and the vapor may be supposed to obey the ideal gas laws, so that
Ve = %; substituting this into equation (13) gives us

dlnp AH
oT  RT?’

(14)
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Putting AHz, into equation (14) gives us the result

D2

/Rdmwy:7<é@2%&@z>m1 (15)

p1 T

Upon performing the indicated integration, we have the result

TS T — T1>
R 1n +10.60 In = AH . 16
(m) <T1> ° ( 15 (16)
mng

Substituting i—f = 275, into equation (16), it is possible to calculate A Hy if the mass at two temperatures

are known.
Keeping the ZnO powder for ten minutes in hydrogen atmosphere at temperatures 1000 K, 1043 K and
1100 K, causes the mass to decrease as follows:

moo0x) = 0.0684 g,
m(1043K) = 0.119 g, and (17)
m(1100K) = 0.223 g.

On substitution of these values into equation (16), we find AHy = 128260 J - mol™*, and the heat of
vaporization of zinc is

AHzyg) = 128260 —10.6 T
The variation of the change in enthalpy of the complete reaction (1) at the temperature is then given by

8.96 x 107
AHyp=1.175x 1073 T2 — 25.49 T + 246220 — #X (18)

The calculation of the change in entropy of one mole of zinc vapor must be done according to the re-
versible cycle, which is composed of the following stages:
1. heating of zinc until the melting point;
fusion at the temperature 692.7 K;
heating of melted zinc until the temperature 1181 K;
evaporation of zinc at the boiling point;
cooling of gas atomic zinc until the temperature of interest.
The entropy change of the zinc will then be given by

A

Ty
ASpnig) = Shosas+ | H2dT +52= 4 f Cragp 4 He= f Crw gy
208.15

Upon performing the indicated integration, we get
ASzn(g) = 42.762 4 20.82 InT.

The variation of the change in entropy of the complete reaction (1) at the temperature is then given by

4.48 x 10°
AS7 = 2.35 x 10737 + 325.84 — 25.521nT — Tié (19)
The variation of the change in the free energy of the reaction (1) at the temperature is
4.48 x 10°
AGr = —1.175 x 1073 T? — 351.33 T + 246220 — —— +25.52TIT. (20)
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A large positive AGr value shows the equilibrium position lies to the far left of the reaction (1) (products
give reactants). Decreasing AG with increase in temperature indicates that the starting material ZnO will
be transported from a zone of high temperatures towards a zone of lower temperatures.

The equilibrium constant for reaction (1) is

In K, = 1.4133 x 107*T — 3.0695In T + 42.258 — @ + % (21)
Thus, knowledge of K, allows prediction of the relative proportions of products and reactants in a reac-
tion. Values computed from (20) and (21) for various temperatures are given in Table 2. The equilibrium
constant for reaction (1) is small; it follows that in the equilibrium condition, the extent of the reverse
reaction predominates over that of the forward reaction. The plot of log K, against the reciprocal of the
absolute temperature should be a straight line, at least as long as AH remains constant. The results for the
equilibrium constant in the temperature range from 800 K to 1100 K are plotted in Figure 2; the slope of
this line is equal to —AH/2.303R. The enthalpy change accompanying reaction (1) is found to be 2.3 eV in

the given range of temperature.

log K(P,T)

2 ! ! !
0.90 1.00 1.10 1.20

1000/T, (1/K)

Figure 2. Plot of logarithm of equilibrium constant K, of reaction (1) against the reciprocal of the absolute

temperature (log K, vs. T71).

3.2. Activation energy of reaction (1)

The activation energy of a reaction F, is then defined as the additional energy which the reactant
molecules must acquire in order to form the activated complex for the reaction. In other words, it is the
difference in energy of the activated state and the reactants. The relationship between heat of reaction at
constant pressure is given by equation

AH = AE + PAV (22)
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Table 2. Computed values by AGr and log K, for different temperatures.

T (K) | AGr (J-mol ") | logK,
800 100320 -6.548
820 97195 -6.190
840 94083 -5.849
860 90982 -5.525
880 87891 -5.216
900 84811 -4.921
920 81740 -4.640
940 78679 -4.371
960 75628 -4.114
980 72586 -3.868
1000 69553 -3.632
1020 66529 -3.406
1040 63513 -3.189

where AV is the increase of volume when the reaction occurs at constant pressure P, and the change AE
in the internal energy of the system must be exactly equivalent to the activation energy FE, of reaction (1).
As will be evident shortly, FE, is an energy difference; it is the common practice, however, to omit the A
symbol. If V is the volume of one mole of any gas, at the given temperature and pressure, then the total
change of volume AV in the reaction will be equal to V An; equation (22) may therefore be written as

AH=E,+ PVAn.
In this case, An is 1, and the gases are assumed to behave ideally, PV is equal to RT and hence
AH =E,+ RT. (23)

For an endothermic reaction, for which AH is positive, the activation energy of the reaction F, must be at
least equal to the change AH in the enthalpy for the complete reaction. The activation energy of reaction
(1) calculated from the equation (23) is 2.2 eV.

3.3. Fraction of the zinc present in the gaseous phase

The molar fraction of each constituent present at equilibrium are given by:

Hz Zn HQO
11—« « a

where « is the mole fraction of Zn present in the gaseous phase. The total number of moles present at
equilibrium is 1 + a.. The total pressure is P, and the partial pressures are:

1l -« e’ a

pry = Pi—— Pr,0 = P Pz o (24)
The equilibrium constant K, in terms of partial pressures for the reaction (1) is given by
K, = D000 (25)
PH,
Introducing (24) into equation (25) the expression for the equilibrium constant becomes
2
@

316



DJELLOUL, RABADANOV

It is evident from this result that if K, is known, the molar fraction of the zinc vapor at equilibrium can be
readily calculated at any pressure.
The variation of « with pressure may be derived by solving equation (26); thus,

| KP

It is obvious from these result that the mole fraction of zinc present in the gaseous phase must decrease
with increasing pressure. The calculations using equation (27) show that already at temperatures ranging
between 800 and 880 K, for the reaction (1), we have practically a passage of the zinc atoms in the gaseous
phase (Figure 3).

Mole fraction of zinc %
N
T

0 1 | 1 | 1
800 900 1000 1100

T. (K)

Figure 3. Variation of molar fraction « of zinc present in gaseous phase with temperature.

With respect to reaction (1), this particular relation of the parameters, including total pressure, allows
7Zn thin film depositions on substrates at temperatures ranging between 680 K and 1020 K. Experiments
show that the reaction evolves at a substantial speed at the substrate temperature of 880 K.

3.4. Growth regimes

In our experiments, a total pressure of 0.166 MPa and AT = Terycibie — Tsupstrate = 120 K, were
maintained at constant levels. Generally, the growth rate G of the film can be described as

G = Goexp (—%) (28)

where Gy, E, R and T are the preexponential factor, apparent activation energy, gas constant, and
absolute temperature, respectively.

In Figure 4, we can see in a logarithmic plot the growth rate as a function of the inverse substrate
temperature. Two growth temperature regions are present. For low temperatures (below 830 K), the
film growth rate increases exponentially with substrate temperature according to an Arrhenius behavior, in
which the deposition rate is controlled by an activated process such as adsorption, surface chemical diffusion,
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chemical reaction and desorption. The growth rate is thus controlled by mass transfer and reaction kinetics.
For the ZnO thin films deposition in this region, the activation energy of the growth rate determined from a
least-square fit for the Arrhenius plot is 2.1 eV. This result is in good agreement with a previous theoretical
calculation (E, = 2.2 eV). At temperature above 830 K, the growth rate reaches its maximum and remains
constant, indicating that the growth rate is diffusion limited. The growth rate strongly depends upon the
substrate temperature.

100—
% L
= L
£ L
g
[ L
=
s L
<
O
10 L I L I L
10.8 11.2 11.6 12.0

10000/T, (1/K)

Figure 4. Evolution of the growth rate vs. inverse of substrate temperature 7.

3.5. Green luminescence study of ZnO single-crystal thin films

A broad visible band is observed in our experiment, and is very similar to the early results reported by [35,
43, 45]. We have maintained ZnO samples in hydrogen atmosphere at various temperatures. These samples
have been annealed at 1200 K in air for at least 2 h. Such annealing has allowed us to remove the individual
properties of original samples. The stationary excitation of ZnO thin films, obtained via reaction (1), by a
Xe arc lamp gives a PL with a large structureless spectral band that ranges from 440 nm to 680 nm with a
radiation maximum centered on A = 510 nm (E = 2.42 eV) with a full width at half maximum (FWHM) of
400 meV. ZnO films obtained at 800 K substrate temperature and at a growth rate of 6pum - min~" generate
the most intense green luminescence. Thus, we are able to control the degree of influence of hydrogen on the
annealing of ZnO for this wavelength (510 nm). Figure 5 shows a typical PL spectra of ZnO single-crystal
thin films grown on sapphire measured at room temperature. Figure 6 shows the variation of the green
luminescence intensities of ZnO (A = 510 nm) measured at room temperature according to the conditions
of the subsequent processing in a hydrogen atmosphere. The experiment shows that a reduction of green
luminescence intensity of ZnO is possible upon keeping the ZnO in a hydrogen atmosphere at a temperature
of 605 K. With a subsequent increase in the annealing temperature, the intensity of the green luminescence
decreases, and is minimal at 820 K. According to these results, we can assert that, in the temperature range
between 605 K and 820 K, conditions of the following reactions are verified:

24 _
H(—:iilemisorbed - (O - H) ) t+e ) (29)
+ — (Vo —H)’" + e

chemisorbed
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PL Intensity (arb. units)
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Figure 5. Photoluminescence spectrum of ZnO single-crystal thin films grown on sapphire measured at a room

temperature.

1.0
(1]
°s
]
05—
([ ]
)
= - o
< 00 oo 00
g L4
i ®
®
[ ]
-0.5—
® O
0
- ([ ]
-1.0 1 | 1 | 1
0.8 12 1.6 2.0

1000/T, (1/K)

Figure 6. Logarithmic plot of the peak intensity of the green luminescence (F = 2.42 eV) in ZnO single crystal thin
films against the inverse of temperature of hydrogen annealing. PL spectra measured at room temperature. I is the
PL Intensity for ZnO after annealing in hydrogen atmosphere, and Iy is the PL Intensity for ZnO without annealing

in hydrogen atmosphere.
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The first stage of the hydrogen interaction with ZnO begins with its chemisorption and dissociation
according to the reaction:

1 _
§H2 = H(—:iilemisorbed te . (30)

At a relatively low temperature (300 K), hydrogen with a superficial atom is absorbed by atoms of oxygen
present at the surface of the ZnO, as well as by atoms of zinc, according to the reaction

ZnO + Hy — ZnH + OH. (31)

Defect complexes and/or residual impurities should be examined to account for the effects of native donors
in ZnO [40]. FTIR (Fourier Transform Infrared) experiments with hydrogen on ZnO surfaces are usually
made on powders. Two main absorption peaks have been assigned to dissociatively absorbed Hs: the first is
the O-H vibration peak at 3510 cm~! and the second is the Zn-H peak at 1710cm~! [42]. With increase of
sample temperature to 370 K, the binding energy of ZnH ~ 0.21 eV, the ZnH group becomes improbable to
exist according to thermodynamics. The concentration of OH bonds increases slowly with temperature, since
their energy (0.44 eV) is twice that of the ZnH bonds. Beyond 580 K, the predominant process becomes the
diffusion of chemisorbed hydrogen in ZnQO. At this stage, reactions involving the interaction of hydrogen with
ZnO (25) are verified. Complexes of the type (Vo —H) in ZnO are without luminescence. When compared to
the original samples, (Vo —H) provokes a five-fold drop off in the relative intensity of the green luminescence
samples maintained in hydrogen at 820 K. The experiment shows also that subsequent samples annealing
carried out in air and under vacuum conditions does not allow re-establishing their original luminescence.
Therefore, we can consider that the dissolution of hydrogen in the ZnO is an irreversible process.

A model for the kinetics of the radiative and non-radiative processes in nanocrystalline ZnO particles has
been proposed by van Dijken et al. [41], based on the assignment of the visible emission to a recombination
of a shallowly trapped electron with a deeply trapped hole. From the particle size dependence of the emission
properties, it is concluded that the photogenerated hole is trapped in a surface system (probably 02~ /07).
The surface-trapped hole can tunnel back into the particle where it recombines with an electron in an oxygen
vacancy (V) resulting in the creation of a Vg"’ center, the recombination center for the visible emission.
The probability dependence for this tunneling process on particle size is much larger than for nonradiative
processes. This results in an increase of the visible emission intensity as the size of the ZnO particles
decreases. The effect of hydrogenation on the luminescence property of ZnO crystal was investigated by
means of cathodoluminescence [44]. It was found that hydrogen plasma treatment strongly passivates the
green emission and enhances the band edge luminescence.

Beyond 820 K, the sensitive liberation of oxygen of the ZnO lattice begins with a formation of oxygen
vacancies on the surface as well as in volume. This stage of hydrogen interacting process with ZnO can be
expressed by the symbolic equation

Hp(g) = H2O(y) + V(%+ + 2. (32)

Within the temperature range from 820 K to 980 K, reaction (32) is predominant, and the concentration of
oxygen vacancies in the ZnO increases following an exponential law. The intensity of the green luminescence
sample, which is annealed in hydrogen, increases according to a similar law. The intensity of the green
luminescence sample annealed at 980 K is 43 times more intense than that of samples annealed at 820 K.
Above 980 K, the predominant defects in ZnO become interstitial ions of zinc (Zn;):

Hg(g) +7ZnO = HQO(g) + an—-i_ +e . (33)

(A second interstitial ionization of the zinc is observed above 1000 K.)
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Regarding the native donor, the electronic structure indicates that only the zinc interstitial or the zinc
antisite can explain the n-type conductivity of undoped ZnO, whereas the oxygen vacancy with the lowest
formation energy should be dominant under n-type conditions [43]. Beyond 870 K, this process continues
intensively. The result of process (33) is that zinc ions and electrons begin to displace in the region of the
boundary layer and linear defects of ZnO. The growth of metallic zinc germs goes with the coalescence of zinc
ions in this region. During the experiment, a change in the color of the samples occurs. At the beginning of
this process, it is gray-shaded. However, beyond 980 K it becomes dark. The observations of an exponential
decrease in the luminescence intensity when the sample starts taking another color. This effect increases
with the rise of the annealing temperature.

4. Conclusion

Thermochemical analysis show that, at temperatures between 800 K and 880 K, for reaction (1), we
have, in practicality, passage of zinc atoms in the gaseous phase. The activation energy of the growth rate
(2.1 eV) is in good agreement with a theoretical calculation (E,=2.2 eV). The growth rate strongly depends
upon the substrate temperature.

The luminescence intensity of ZnO depends strongly on the deposition and annealing temperature. In
the sample deposited at substrate temperature varying from 850 K to 980 K, the singly ionized oxygen
vacancies represent the predominant defects and are obtained by the reaction

2H} o +2e~ 2 HoOy) + VJ + €. (34)

The present PL study allows us to propose a process of regulation of the F'* centers concentration in
7Zn0O. The data allow us to choose technological conditions for films and crystal synthesis for manufacturing
scintillators with a maximum of radiation intensity centered at A = 510 nm.
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