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Abstract. Our work aims to investigate the influence of substrate bias voltage on the
structure, optical, and electrical properties of ZnO:Al thin films deposited on Si (100) and
glass substrates by radio frequency magnetron sputtering. We have applied the layer-by-
layer growth method in magnetron sputtering. X-ray diffraction, atomic force microscopy,
Raman scattering, photoluminescence, Fourier transform infrared spectrometry, multi-angle
spectral ellipsometry, optical transmission, and electrical measurements were used to
characterize samples. It was found that the negative bias voltage applied to the substrate
holder during film growth caused an increase in the conductivity of ZnO:Al films four
times compared with ZnO:Al films grown without external bias voltage. The concentration
of Al donor impurity was increased in ZnO:Al films with increasing the negative bias
voltage applied to the substrate.
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1. Introduction

Transparent conductive oxides (TCO) are important
materials for many industrial equipment and home
appliances. Indium tin oxide (ITO) is a well-known TCO,
which was successfully industrialized due to its electrical,
optical, and technological advantages. Nowadays, there
is a trend toward developing a cost-effective indium-free
TCO as world reserves of indium are limited. ZnO is a
wide band gap semiconductor material that is prospective
not only for indium-free TCO development but also for
the development of light emitting devices, ultraviolet
detectors, gas sensors, and photocatalysts [1-5] with
increased resistance to electron irradiation [6]. ZnO is a
good dielectric material but doping with aluminium,
gallium or indium transforms ZnO into a very conductive
and transparent making it the best choice to replace ITO.
We believe that the development of a highly efficient
deposition technology for Al-doped ZnO TCO films will
have a commercial future.

Magnetron sputtering is the most widely used me-
thod for TCO film deposition due to high deposition rates,
low temperature of deposition, good film uniformity,
adhesion, and easy control over technology parameters [7].

There are many papers aimed at improving the ZnO:Al
films properties by changing the oxygen pressure,
magnetron power, and substrate temperature [8-10].
Obviously, the influence of bias voltages applied to a
substrate (substrate bias voltage) on the structure, optical,
and electrical properties of Al-doped ZnO films was not
studied very well. The effect of negative substrate bias
voltage on the strain properties of ZnO films was studied
in [11]. Stoichiometry control of ZnO by applying
substrate bias voltage was studied in [12, 13]. The effect
of positive substrate bias voltage on Al-doped ZnO TCO
films was studied in [14]. The authors state that a
positive bias voltage applied to the substrate during
sputtering caused the improvement of the electrical
properties of the film by accelerating the plasma
electrons that bombarded the growing films. This
bombardment provided an additional energy to the
growing ZnO:Al film, significantly variating the film
structure and electrical properties.

Therefore, our work aims to investigate the influence
of the substrate bias voltage on the structure, optical and
electrical properties of ZnO:Al thin films deposited on Si
(100), Si (111), and glass substrates by using the layer-
by-layer growth method at magnetron sputtering.
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2. Experimental

ZnO:Al thin films were deposited on Si (100) and glass
substrates using the layer-by-layer growth method
[15, 16] at radio frequency magnetron sputtering. The
metallic Zn-Al composite target was sputtered in the
argon-oxygen atmosphere under the following deposition
parameters: the partial pressures of oxygen and argon
were close to 0.05 and 1 Pa, respectively. Magnetron
power was 250 W, and substrate temperature Ts was
300 °C. The substrate bias voltage (Vy,) was changed as
follows: 0, +2, —15, and -30 V.

The crystal structure was investigated by X-ray
diffraction (XRD) using a DRON-4 diffractometer with
Cu-Ko radiation (A = 0.1542 nm). Elemental analysis was
carried out by ZEISS EVO 50 XVVP SEM (Zeiss, Germany)
setup by using energy dispersive X-ray (EDX) equipment
with Ultim Max 100 analyzer (Oxford Instruments,
England). Raman measurements were carried out in a
quasi-backscattering geometry using a Horiba Jobin-Yvon
T64000 triple spectrometer with an integrated micro-
Raman setup — Olympus BX-41 microscope equipped with
a Peltier-cooled CCD detector. The experiments were
carried out at room temperature by using the 488 nm line
of an Ar/Kr laser. Photoluminescence (PL) spectra of
samples were recorded with the help of He-Cd laser
excitation at room temperature. The FTIR reflectance
measurements have been performed using a vacuum
Fourier transform spectrometer Bruker Vertex 70V at
room temperature. The sample transmission spectra were
recorded on a computerized monochromator LOMO12
equipped with a Hamamatsu Si photodiode. The spectral
dependences of optical constants and film thickness were
measured by multi-angle spectral ellipsometry (MSE) on
a setup SE-2000 from SEMILAB. The spectral analysis
was performed using the software SEA (WinElli 3)
1.5.44. The surface morphology of deposited films was
studied using an atomic force microscope (AFM)
(Quadrexed NanoScope Illa Dimension 3000, Digital
Instruments/Bruker, USA) in the tapping mode (periodic
contact of silicon probe with a nominal radius 10 nm).
The root-mean-square (RMS) values of film flatness and
the average grain size are ascertained from the most
typical fragment of the film surface with an area of
5x5 um. The resistivity of Al-doped ZnO thin films was
determined by the Van der Pauw method in the dark by
the Keithley-236 Source Measure Unit.

3.  Results and discussion

XRD patterns of ZnO:Al films deposited at various Vg,
are shown in Fig. 1. We can see that all deposited
samples are single-phase and highly textured ZnO
polycrystalline films with wurtzite crystal structures that
are confirmed by intensive reflections from (002) planes.
The observation of only (002) and (004) XRD peaks on
20 spectra implies that films are grown with their c-axis
oriented perpendicular to the substrate. An interesting
phenomenon has been observed for the (002) peak of
ZnO:Al sample grown at Vg = —15 V: the XRD (002)
peak is split and consists of two separate XRD peaks,
which are reflections of the same (002) plane, but from
two differently strained regions of the material (see
Fig. 1, insertion). In this case, Gauss fitting gives us two
peak positions at 33.75 and 34.16 degrees with a FWHM
(full width at half maximum) value of 0.44 degrees for
the first peak and 1.1 degrees for the second one. ZnO
crystal lattice parameters and grain sizes ascertained
from XRD measurements are summarized in Table 1.
One can see that ZnO:Al films grown with Vg, = 15V
demonstrate the distinct grain sizes 25 and 8 nm with
different stresses of 0.02 and 0.008, respectively. The
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Fig. 1. XRD patterns of ZnO:Al films deposited on Si
substrates by magnetron sputtering at different substrate bias
voltage Vg, The insertion presents an enlarged XRD pattern of
ZnO:Al films deposited at Vg, =-15V with decomposition on
elementary Gaussians. For interpretation of the colors in the
figure(s), the reader is referred to the web version of this article.

Table 1. ZnO crystal lattice parameters, strain, and grain sizes ascertained from XRD measurements.

Substrate bias (Q(_)Z) peak (002) peak Inte;rplanar Lattice constant Strain & Grain size,

voltage, V position, degree | FWHM, degree spacing d, nm c, nm ’ nm

0 34.19 0.42 0.2623 0.5245 0.007 20

+2 34.15 0.43 0.2625 0.5251 0.009 19

15 33.75 0.44 0.2656 0.5311 0.020 25
34.16 11 0.2625 0.5249 0.008 8

-30 34.16 0.34 0.2625 0.5249 0.008 25
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Fig. 2. The O/Zn ratio (a) and Al concentration (b) of ZnO:Al films deposited on Si substrates by magnetron sputtering at different

substrate bias voltage Vsy,.
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Fig. 3. The spectra of optical transmittance (a), optical band gap (b), refractive index n (c), and extinction coefficient k (d) of ZnO:Al
films deposited on glass (a, b) and Si (c, d) substrates by magnetron sputtering at different substrate bias voltage V.

lowest FWHM value was observed for ZnO:Al films
grown with the highest negative Vg, = 30 V. This film
demonstrates the best crystalline quality.

The elemental composition of ZnO:Al films studied
by EDX spectroscopy is shown in Fig. 2. Increasing
negative voltage on the substrate causes an increase in
the O/Zn ratio from 0.98 to 1.18, indicating an increase
in the oxygen content of ZnO:Al films. Thus, the
concentration of oxygen vacancies should be decreased.

Simultaneously, Al concentration increases with negative
bias voltage improving the incorporation of Al donor
impurity into ZnO lattice.

The optical transmittance spectra of ZnO:Al films
grown at various Vg, are shown in Fig. 3. Fig. 3b demon-
strates the same spectra in coordinates a’hv’= f(hv) for
optical band gap (Eg) calculation. As one can see, the
optical band gap is within the range 3.35...3.42 eV. The
lowest value Eq was observed for ZnO:Al films grown at
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Fig. 4. The AFM images of ZnO:Al films with the surface RMS values (figure in the insertion) deposited on Si substrates by

magnetron sputtering at different substrate bias voltage Vg,

positive Vg, For ZnO:Al films grown at negative Vg, the
value of Eg is within 3.39...3.42 eV. The same behavior
of the band gap with applied Vg, was ascertained using the
optical spectra of refractive index (Fig. 3c) and extinction
coefficient (Fig. 3d) calculated using the results of multi-
angle spectral ellipsometry. The sharp decrease in n and
increase in k within the range 0.5...1.0 eV are probably
caused by a strong influence of free carriers on our optical
spectra (Figs 3c, 3d). The intensive peak close to 3.5eV
corresponds to exciton, confirming that the deposited films
are highly conductive and have good quality [17].

The results of MSE allow us to calculate the values
of film thickness (d), roughness, mobility, and
concentration of electrons, as well as estimate the optical
resistivity of the films. To calculate the above-mentioned
parameters, we used the calculation method in the
Tanguy and Drude models, described in detail in our
work [17]. The calculated parameters for the ZnO:Al thin
films deposited on Si substrates according to these models

are given in Table2. Thus, we found out that the
thickness of the films wvaried within 204...296 nm,
roughness — within 23... 63 nm, electron mobility —
within 11...29 cm?(V's), and electron concentration —
within 1.1... 1.7x10%cm®, respectively. Our results
show that as the O/Zn ratio increases with the applied
negative Vg, the concentration of electrons decreases
while their mobility increases significantly, so the
resulting resistivity decreases. The lowest value of film
resistivity 1.6 mOhm-cm was observed at Vg, =30 V.

AFM images of the surface morphology of ZnO:Al
films grown at different Vg, are shown in Fig. 4. One can
see that the grain sizes of ZnO:Al samples grown at 0 V
and +2 V are larger than the ones grown at negative V.
The calculated RMS values presented in the insertion of
Fig. 4 also confirm that the films grown at negative Vg,
have smoother surfaces than other samples. The RMS
values are decreased with the negative voltage applied to
the substrate due to the deposition rate slowdown.

Table 2. The characteristics of ZnO:Al thin films grown on Si substrate, ascertained from the Tanguy and Drude models.

Thickness d, Roughness, n-type dopant concentration, - 217 Resistivity,

Ve, V nm am o Mobility, cm?/(V-s) mOhm-cm
+2 296 30 1.7 +£0.02-10% 17.7+0.6 2.1+0.1
0 204 23 1.4+0.01-10° 2241 2.1+0.1
-15 256 37 1.1+0.01-10%° 11.1£05 5.0+ 0.2
-30 267 63 1.3+0.01-10% 28.840.9 1.6+0.1
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Fig. 5. The Raman spectra of ZnO:Al films deposited on Si
substrates by magnetron sputtering at different substrate bias
voltage Vgp.
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Fig. 6. The photoluminescence spectra of ZnO:Al films
deposited on Si substrates by magnetron sputtering at different
substrate bias voltage Vg, The energy of excitation photons
Eee = 3.81 V. T =300 K.

Fig. 5 shows the 300 K Raman spectra of Si
substrate (spectrum 1) and ZnO:Al films (spectra 2-5)
acoustic 2TA, local Si-Si, and combination TA+TO the
Raman spectrum consists of the vibrational bands at 302,
435, 520, and 619 cm’ attributed to the transverse
deposited at different Vg, For the Si substrate, phonon
modes, respectively. The Raman bands close to 276 and
576 cm ', related to crystal-lattice perfection, were
observed for all ZnO:Al films. The weak band observed

at 576 cm* is attributed to the A; (LO) mode of ZnO.
The Raman scattering cross-section of the LO phonons is
determined by both optical deformation potential and
Frohlich electron-phonon interaction [18]. However, the
break-down of translational symmetry due to structural
disorder caused by random incorporation of the dopant
will lead to the fluctuations of alloy scattering potential.
The intensity of the mentioned Raman band A; (LO)
increases with increasing Vg, due to the increase in the
concentration of zinc and oxygen interstitial (Zn; O;) [19]
and oxygen vacancy (Vo) [20] in the ZnO lattice of
ZnO:Al films.

The origin of the next prominent Raman band at
276 cm™ is still debated and controversial. In the
work [21] Kaschner et al. observed this mode for the
nitrogen-doped ZnO films and showed that its intensity
correlates linearly with the nitrogen concentration. Also,
this mode at 276 cm™ and additional peaks close
to 639, 716, and 858 cm were partly observed for
undoped ZnO films and nanostructures and for doped
by different elements [22, 23]. Artus et al. [24] showed
that these additional modes can be related to local
impurity mode due to the incorporation of nitrogen atoms
into the anion ZnO sublattice. In the work [25], Souissi
etal. showed that the Raman band at 275 cm* can be
assigned as B;"™ corresponding to the antiparallel shifts
of only Zn atoms along the c-axis (z-axis). In any case,
the presence of this phonon mode is induced by the
crystal lattice imperfection due to intrinsic defects and
impurities.

Fig. 6 shows the PL spectra of ZnO:Al films
recorded at 300 K with the excitation at 3.81 eV. One can
see, the films exhibit a wide band within the ultraviolet
(UV) range and defect-related bands within the visible
range. The band at 3.35eV in the spectrum of ZnO:Al
films grown at 0 V, related to the near band-edge (NBE)
emission, indicates a decrease in the band gap compared
to bulk ZnO (3.37 eV at room temperature). The large
FWHM of the NBE emission band is caused by the
presence of several recombination centers, different
impurities, grain boundaries, and defects.

With increasing the substrate bias voltage, the UV
emission band of as-grown ZnO:Al film demonstrates a
nonmonotonic shift towards low energy and intensity
enhancement, which can be explained by the increase in
the grain size. The band gap of the small nanoparticles is
slightly larger than that of the bulk materials. The visible
deep-level emission (DLE) in the spectra of ZnO:Al
films is the superposition of the red-orange band (ROB)
at 2.08eV, yellow band (YB) at 2.25¢eV, and green
emissions band (GB) at 2.55 eV (please see the results of
deconvolution of DLE band in Fig. 6). These bands are
usually associated with structural defects, particularly the
oxygen interstitials, oxygen and zinc vacancy, and the
surface states [26, 27]. With increasing the substrate bias
voltage, the redistribution of the intensity of the red-
orange emission band at 2.08 eV and yellow band at
2.25¢eV is observed, which can be caused by the
variation in surface states.
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Fig. 8. The specific resistivity of ZnO:Al films deposited on
glass substrates by magnetron sputtering at different substrate
bias voltage Vgp.

The FTIR transmission spectra of ZnO:Al films
deposited at different Vg, within the range 200...800 cm *
are shown in Fig. 7. The main band at 414cm™ is
attributed to the Ay(TO) phonon mode, and the high-
frequency shoulder at 470 cm™ is attributed to Zn-O
stretching vibrations. The Zn-O absorption band is
intensive for ZnO:Al films deposited at —30 VV and +2 V
substrate voltage, indicating the higher crystal quality of
these films compared to ZnO:Al films grown at 0 V and
small negative Vg, values. The weak absorption peak of
the Al-O bond vibrations was observed at ~609 cm ™.

Fig. 8 demonstrates the specific resistivity of
ZnO:Al films measured by Van der Pauw method vs the
applied substrate bias voltage Vy,. At zero Vg, the specific
resistivity is equal to 17 mOhm-cm. Both negative and
positive Vg, lead to a decrease in the specific resistivity of
ZnO:Al films. The lowest value of the specific resistivity
4 mOhm-cm was achieved at —30 Vg,. Thus, by applying
a negative bias voltage to the substrate, one can improve

the conductivity of ZnO:Al films. This improvement is
caused by the more effective AI** ions embedding into
the ZnO lattice as a donor impurity.

4. Conclusions

The ZnO:Al thin films were deposited on Si (100) and
glass substrates using the layer-by-layer growth method
in radio frequency magnetron sputtering of metallic
Zn-Al composite target. The substrate bias voltage was
varied as 0, +2, -15, and -30V at fixed other
technological parameters.

The XRD results showed that the lowest FWHM
value was observed for ZnO:Al films grown with the
highest negative voltage bias —-30V. This film
demonstrates the best crystalline quality, having grain
sizes close to 25 nm. The increase in the negative voltage
applied to the substrate leads to an increase in the O/Zn
ratio from 0.98 to 1.18 as well as to an increase in the
concentration of the embedded Al donor impurity. The
optical transmittance and ellipsometry studies showed
that the optical band gap is within 3.35...3.42 eV. All
grown ZnO:Al thin films exhibit the wide NBE band
within the ultraviolet range and the defect-related bands
within the visible range. The PL of ZnO:Al films is
dominated by a red-orange band at 2.08 eV, a yellow
band at 2.25 eV, and a green emissions band at 2.55 eV,
usually associated with the structural defects, namely,
oxygen interstitials and oxygen and zinc vacancy as well
as surface states. With increasing the substrate bias
voltage the redistribution of the intensity of the red-
orange emission band and yellow band is observed,
which can be caused by the variation in surface states.

It was found that the negative bias voltage applied
to the substrate holder during film growth allows us to
increase the conductivity of ZnO:Al films by four times
compared to ZnO:Al films deposited without an external
bias voltage. This effect is due to more effective AI**
donor impurity embedding into the ZnO lattice caused by
the negative bias voltage applied to the substrate. The
lowest value of the specific resistivity 4 mOhm-cm was
achieved at negative substrate bias voltage Vg, =-30 V.

In summary, the application of substrate bias
voltage as an additional parameter in magnetron
sputtering allows effective influence on the structural,
optical, and electrical properties of Al-doped ZnO films.
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BnuimB Hanpyru 3MileHHs NiAKJIAAKH HA BJACTUBOCTI JieroBaHux Al miiBok ZnO, BUPOLIEHUX MATHETPOHHUM
HANMHJICHHAM

A.lL. €BTymienko, B.A. Kapnuna, O.®. Konromuc, C.B. Mamukiun, II.M. JIutBun, O.I. bukos, A.A. KopuoBuii,
C.II. Crapuk, B.B. Binopyceus, B.I. ITonenko, B.B. Ctpeabuyk, B.A. Batypun, O.10. Kapnenko

AHoTanisi. Meroro Hammoi poOOTH € JOCIIPKEHHS BIUTUBY Halpyrd 3MilleHHs, npukiageHoi 1o Si (100) Ta ckiastHUX
MIAKIAI0K, Ha CTPYKTYPY, ONTHYHI Ta SICKTPUYHI BIACTHBOCTI TOHKUX MUIiBOK ZnO:Al, oca/ykeHUX Ha HUX METOI0M
panioyacTOTHOTO MAarHeTPOHHOTO PpO3MWICHHS. MM 3aCTOCYBaJIM METOJ IIOIIApOBOTO BHPOIIYBaHHS IpU
MarHeTpOHHOMY PO3MWIIeHHI. J[JIs1 XapaKTepUCTUKU 3pa3KiB BUKOPHUCTOBYBAJIM PEHTI'CHIBCHKY AM(PAKIIifo, aTOMHO-
CHJIOBY MIKPOCKOTIiI0, KOMOIHAIlIifHE PO3CIIOBaHHS CBITIA, (DOTONIOMIHECICHIIIIO, IHPPAYEPBOHY CIEKTPOMETPIO 3
neperBopeHHssM ®Dyp’e, 0OaraToKyToBY eIIIICOMETPil0, ONTHYHE INPOIYCKaHHS Ta €JIEKTPUYHI BHUMIPIOBAHHSI.
BusiBneno, mo Bin’eMHa HaIpyra 3CyBY, PUKIafeHa N0 TpUMada MiIKIaaK{ i Yac BUPOUTYBAHHS IUTIBKH, TO3BOJISE
30UIBIIMTH TPOBiAHICTE IIiBOK ZnO:Al y 4otupu pasu mnopiBHsHO 3 IwiiBkamMu ZnO:Al, ocamkeHnmu 06e3
MPUKIAAaHHsa Hanpyru 3minieHns. Konuenrpamis moHopHol gomimku Al y miiekax ZnO:Al 3pocrae 31 30UIbIICHHIM
BiI’€eMHOI HaNPyT# 3MIMICHHS, TPUKIAJCHOT 10 MiAKIAIKH.

Katouosi cioBa: miiBku ZnO:Al, MarHeTpoHHE PO3NMJICHHS, HApyra 3MILMICHHS IMIIKIaKH, PEHTTC€HOCTPYKTYPHUI
aHaJji3, KoeilieHT MPOIyCKaHHsI, eNeKTPOIPOBIIHICTb.
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