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Abstract. Transparent conductive oxide thin films of Al-doped ZnO grown by rf
magnetron sputtering were irradiated with high energy electrons with the energy
12.6 MeV and fluence 5-10" e/cm®. The films were produced using different sputtering
powers. It has been shown that electron irradiation creates defects that lead to distortions
of the crystal lattice, which results in reduced crystallinity of the films. Also, it leads to
film heating that results in radiation annealing and relaxation of the lattice.
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1. Introduction

Transparent conductive film materials have wide
applications in heat mirrors, optoelectronic devices, gas
sensors, reflecting coatings on windows [1]. Some types
of solar cells for space applications require transparent
electrodes that should be resistant to ionizing
radiation [2].

ZnO is used as a window, component of hetero-
junction and electrode layer for thin film solar cells
based on ternary photovoltaic materials (CulnSe;,,
CulnS,). Besides, the main requirements of high
transparency and low resistivity, the mechanical
properties are of importance, too. It is necessary to
underline that a stress appears due to differences in
lattice periods and thermal coefficients of their linear
expansion (TCLE), which influence on their structural
and electrical parameters. Ohler et al. [3] have shown

that the lattice mismatch at InAs/GaAs and InAs/AlAs
heterojunctions significantly influences the band offsets.
They lead to different electronic properties of this
heterojunction. Ellmer etal. [4] have shown that
mechanical stresses in ZnO films decrease the efficiency
of solar cells based on CulnS,.

Information about the electron irradiation effect on
the crystal structure and electrical properties of ZnO
based materials is very limited, particularly for
transparent conductive films. Most publications are
devoted to researches of intrinsic defects in bulk ZnO [5-
7]. Due to particle irradiation, information about the
energy of formation of defect levels and their quantity is
obtained with the capacitance transient measurements
and positron annihilation spectroscopy [8, 9].

However, recently the devices based on zinc oxide
films acquired rather widespread use. Gur et al. [10]
investigated changes of structure properties under the
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influence of electron radiation, they found that electron
irradiation causes partial recrystallization of the films
and generate intrinsic defect interstitial Zn. But they
have not yet produced sufficient information about
electron irradiation effect on properties of the ZnO films
doped with aluminum. Since the deposition parameters
strongly influence on the structure and electrical
properties, the effect of irradiation should be discussed
together with the deposition parameters. This study is an
attempt to enlighten the electron irradiation effects on
structural and electrical properties of ZnO:Al films
grown at different magnetron sputtering powers. Also,
we have investigated how the power of sputtering affects
the radiation interaction with ZnO films.

2. Experimental details

Transparent conductive oxides ZnO doped with Al
(ZnO:Al) were deposited by radio frequency (RF)
magnetron sputtering (MS) on silicon substrates. The
disk of metal zinc (purity 99.99%) with aluminum
inserts (purity 99.99 %) has been used as a composite
target. All inserts were made in the erosion area and
covered the 0.02 part of its square. The high-resistant
silicon of (100) orientation and p-type conductivity was
used as a substrate. Its temperature was maintained at
300 °C. The target-substrate distance was kept constant
at 70 mm. The vacuum chamber was filled with argon
and oxygen at partial pressures 1 and 0.05 Pa,
respectively. The magnitudes of sputtering power were
140, 170 and 200 W. To improve the crystalline
perfection of the AZO films, we used the special
technological approach in magnetron sputtering. After
deposition of the first layer, the process was interrupted
for 2 min, i.e., we used start-stop technique [11, 12]. It
provides good growth conditions and prevents
overheating the deposited layer. All films were grown
using these three start-stop stages. The total sputtering
time was 6 min. The thicknesses of the films were
measured using ex-situ ellipsometry on duplicated
samples deposited on glass substrates.

The films were irradiated by electrons with high
energy about 12.6 MeV and the fluence 5-10' e/cm?
using the microtron electron accelerator M-30 at the
Institute of Electron Physics, NAS of Ukraine,
Uzhgorod. This fluence can be obtained by an electronic
device moving in the Van Allen radiation inner belt for
10 years.

The features of films crystal structure were studied
using the XRD analysis where the CuKa, radiation was
used as a source (A= 0.154056 nm). The XRD
measurements were carried out by the DRON-4 Powder
Diffraction system; a scan rate of 1°/min and a step size
of 0.01° were used. It is important to note that the
analyzed surface is about ~1 cm® and the penetration
depth of X-rays at 20—40 keV is several micrometers.
The measurement error of the peak position was about
+0.01° (20). The error of the c-lattice period

determination was close £0.0003 nm. The relative error
of full width at half maximum (FWHM) calculations
was estimated to be £2%.

The electrical resistance of zinc oxide films was
measured using the four-point probe at room
temperature.

3. Results and discussion

Fig. 1 shows the results of X-ray diffraction for as-
grown and irradiated ZnO:Al films grown under various
sputtering powers. There is only one maximum at
20 = 34.4° that corresponds to diffraction from the (002)
planes of wurtzite ZnO crystal lattice having preferred c-
axis orientation of crystallites: c-axes are predominantly
aligned perpendicular to the substrate. There are no
diffraction reflections that correspond to the Al,O; phase
or other ones.

The thicknesses and, consequently, the deposition
rate of the films are slightly different at various
sputtering powers. The thickness grows from 89 to
108 nm by the power increase from 140 to 170 W, and
then falls to 81 nm at the sputtering power 200 W.

Fig. 2a shows the increase of the maximum
reflection intensity (002) peak for as-grown samples,
when the sputtering power enlarges from 140 up to
170 W. Then the maximum intensity decreases sharply
at the power 200 W. The higher diffraction peak
intensity means the higher degree of film crystallinity.
But the ratio of the maximum intensity to the thickness
of film keeps its shape curves dependence on the
sputtering power (Fig.2b). The increase of ratio at
170 W may be attributed to the enhancement of lattice
distortions produced by energetic ions Zn, O and Al
impinging onto the growing film, i.e., the peening effect
[13, 14]. Peening phenomenon would occur in a
crystalline film during the sputtering process [13].
Increasing the sputtering pressure causes thermalization
of the energetic particles with working gases ions, and
an atomic peening process no longer persists [15].
Further decreasing the intensity maximum, as mentioned
in [16], can be explained by several factors which
dominate at P =200 W: 1) the deposition rate increases
and gives newly arrived ions less time to move to their
stable sites for epitaxial growing; 2) the ratio Zn to ZnO,
which arrive to a substrate, is enhanced with increasing
the power [17], this structure is more crystallogra-
phically disordered than if the arriving Zn were already
oxidized; 3) the energy of secondary electrons emitted
from the target during the sputtering process increases
with the target voltage, hence the power increases;
4) another explanation can be found in [18]. The power
increase at a constant gas pressure generates surplus
metallic Zn with higher energies on the substrate. Then,
Zn desorbs from the substrate and, consequently, heats
the substrate [19]. Furthermore, the Al doping level
increases, when the substrate temperature is raised, since
the highly reactive Al does not desorb [18].
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Fig. 1. X-ray patterns for the as-grown and irradiated with
electrons ZnO:Al films deposited at various sputtering powers.
Sputtering power, W: 170 (1), 140 (2), 200 (3).

(1

where M. and M are the electron and ion masses,
respectively, A is the atomic weight. The threshold
energy Eg necessary to produce an atomic displacement
is given by the condition E,=Egs where Ey is the
displacement energy. The electron-nucleus collisions
create defects and their clusters, which lead to
distortions of the crystal lattice.

For more information on the electrons irradiation
impact on the crystal structure depending on the
sputtering power, we have calculated X-ray diffraction
parameters of as-grown and irradiated films.

From Fig. 3 we can see that the values of the lattice
period c of the as-grown samples as well as of irradiated
ones are significantly larger than the reference value of
the strain-free bulk lattice period (Cy = 0.5205 nm). The
c-period values of the films grow with increasing the
sputtering power. It implies that all the films have
compressive stresses in the film plane.

Calculations of the film stress are based on the
biaxial strain model. The strain along the C axis can be
expressed as follows:

£ = (C— Cy)/Co. (2

To derive the film stress o parallel to the film surface (in
Xy plane), the following formula has been used, which is
valid for a hexagonal lattice:
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< . . .
g % For the elastic constants C;;, data of single crystalline
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bombardment are caused by electron-electron collisions,
rather than the electron-nucleus ones [6]. If a relativistic
electron of energy E makes a direct hit on a nucleus, it
transfers the maximum energy E., (eV) given by
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Fig. 3. The effect of the sputtering power on the lattice period ¢
of the as-grown (1) and electron irradiated (2) ZnO:Al films.
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Fig. 4 shows the development of the film stress
with increasing the sputtering power. The compressive
stresses in the film plane arise from differences of lattice
periods between ZnO and Si (100) (~40% [20]), TCLE a
and the appearance of internal stresses in the film during
the growth process.

The difference in TCLE ag= 2.6:10°/°C and

O yn0 L :4.75-10*6/°C causes tensile stresses in the

film plane in the samples cooled from the deposition
temperature down to the room one. The strain in the
films along the c axis is of the order of +0.5...+1.2%,
from which the compressive stress in grains of up to
2.6 GPa occurs (Fig. 4). The thermal strain introduced
by the different TCLE is significantly lower (<5-10%
than measured strain. It shows that the measured film
stress is mainly caused by the growth process itself [14].
The intrinsic stress is caused by the accumulating effect
of the crystallographic flaws, which are built into the
film during its growth [21]. The compressive stresses are
believed to be due to energetic argon and oxygen ions
that can be sufficiently energetic to penetrate into and
become buried in the intergrain space of the growing
film. Another reason is that argon and oxygen atoms
produce the stresses by being trapped into the grains of
films [22]. While the high compressive stress values at
low sputtering power can be explained by the atomic
peening process as mentioned above (in the case of
intensity growth), the compressive stress that occurs in
ZnO at high sputtering power needs another explanation.
According to our opinion, the deposition power increase
gives less time to additional new atoms to incorporate
into film and move to stable site, which is cause of
disordering and an appearance of the compressive stress.

After irradiation, the dependence of the C period
versus the sputtering power repeats the growth tendency
of the as-grown ones (Fig. 3), but the lattice periods
reduce and are close to those of the unstrained bulk
crystal (Fig.3). Thus, the compressive stresses of
irradiated films decrease (Fig. 4). A similar phenomenon
is observed when the samples are annealed [21]. So, we
can summarize that electron-electron collisions lead to
film heating, which results in radiation annealing and
relaxation of the lattice.

ZnO:Al samples
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2.4

2.6
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Fig. 4. The stress dependence on the sputtering power of the
as-grown (1) and irradiated (2) ZnO:Al films.

The values of the full width at half maximum
(FWHM) of the diffraction peak (002) for as-grown and
irradiated films are presented in Fig. 5. The lower values
of FWHM can indicate better crystallinity of the films.

The FWHM values for the as-grown films increase
as the sputtering power increases and are consistent with
the foregoing considerations. After irradiation, FWHM
of reflections almost do not change relatively to the as-
grown ones, except the case of the first sputtering power
(140 W).

Let us consider the size of coherent scattering
regions (CSR) films at all stages. The average grain size
in films can be estimated by Scherrer’s formula using
the FWHM value of the XRD diffraction peaks as
follows [23]:

_ 09A
cosO

)

where D, A, 0, and B are the mean grain size, X-ray
wavelength of 0.154 nm, Bragg diffraction angle, and
FWHM of the (002) diffraction peak, respectively. Fig. 6
shows that dimensions of CSR for the as-grown samples
decrease with the sputtering power increase. The
electron irradiation weakly influences on CSR dimen-
sion, except the case of low sputtering power at 140 W.

ZnO:Al samples

&b 0.90 -

=

o

.2

3

T 0.85- He

(=

S

Q 1.

£

= 0.804 O

= 2.

= -

z m]

0.75+— T T

140 170 200

Sputtering power, W

Fig. 5. FWHM of the (002) reflection dependence on the
sputtering power for the as-grown (1) and irradiated (2)
ZnO:Al films.
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Fig. 6. The dependence of CSR sizes on the sputtering power
of the as-grown (1) and irradiated (2) ZnO:Al films.

© 2015, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

289



Semiconductor Physics, Quantum Electronics & Optoelectronics, 2015. V. 18, N 3. P. 286-291.
doi: 10.15407/spqeo18.03.286

The results of electrical measurements are shown in
Fig. 7. The film resistance of the as-grown samples
increases with the sputtering power from 140 up to
170 W (3.3:102...4.6:10 > Q-cm). At the power 200 W,
the resistance decreases sharply (4.7-10% Q-cm) (Fig. 7).
Our results are consistent with those in [24], where it
was ascertained that film resistivity increases
dramatically reciprocally to the film thickness, if it is
less than approximately 100 nm. This dependence is
irrespective of the used deposition technique [24]. The
data on the resistance partially correlate with the
maximum intensities of (002) reflections for films
deposited at different sputtering powers. The film
obtained at 140 W has the lowest strain values and,
consequently, the resistance is low, as mentioned in [15].
The film at the 170-W power causes the peening
process. Oxygen incorporated into the film reacts with
Al and generates Al,O;, which causes an increase of
resistivity due to diminishing the mobility at grain
boundaries. It is seen that the almost equal resistivity is
obtained with the 200-W sputtering power, when Zn
desorption occurs and Al doping level increases. The
carrier mobility decreases, but the carrier concentration
due to Al doping rises rapidly. Therefore, the electrical
resistance of the film does not increase [25].

After irradiation, the electrical resistance of films
with higher crystallinity increases as shown in Fig. 7
(at P < 200 W). Since irradiation was performed in a
familiar environment, (air atmosphere) the film
probably adsorbs oxygen from atmosphere. Both the
carrier density and mobility are affected by the
oxidation processes either in grains (oxygen heals the
donor levels of oxygen vacancy) or in intergrain
regions (oxidation increases the height of potential
barriers between grains). Another reason of increasing
resistivity is generation of defects. The films with
better crystallinity are stronger affected by irradiation
than those obtained at 200 W.
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Fig. 7. The resistance dependence on the sputtering power for
the as-grown (1) and irradiated (2) ZnO:Al films.

4, Conclusions

Summarizing, we have reported on the effect of electron
irradiation on the properties of ZnO films deposited at
different sputtering powers. The microstructure and
electrical properties of ZnO film are changed by electron
bombardment. It was revealed that this type of
irradiation effects on the structure, resulting in radiation
annealing and creation of defects. The better crystalline
quality influences only partially on the resistivity. The
electrical activity and quantity of Al impurity, oxidation
state (i.e. the stoichiometry of the ZnO films) are
important factors, too.
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