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Abstract

Zn0, ZnO/Al, Al/ZnO/Al, and ZnO/Al/ZnO samples were deposited on c-plane sapphire and Si substrates by radio frequency
magnetron sputtering (REMS) using ZnO target. In order to form doped ZnO:Al thin films, these grown samples were annealed at
temperatures of 450°C for 1 h to let diffuse Al atoms into the ZnO. After annealing homogeneous Al, diffusion is observed for the
sample having Al layer at the top and the bottom of the ZnO from the cross-sectional SEM images. The effects of Al diffusion on
structural, optical, electrical, and magnetic properties of ZnO layers were investigated by using x-ray diffraction (XRD), optical
transmittance, sheet resistance, and magnetic field dependence of magnetization (M(H)) measurements. After annealing, the
optical transmissions of samples were higher than 60% in the visible and near-infrared region for all samples. The sheet resistance
measurement results showed that the conductivity of Al/ZnO/Al deposited on sapphire was found to be 2.64 x 10" ()" after
annealing. The magnetism measurement results in that all samples show a weak ferromagnetic behavior except for the Al/ZnO/Al

sample, which is attributed to the interface exchange coupling between the layers.

Keywords Aluminum diffusion - ZnO - Al doping in ZnO - Magnetron sputtering - Ferromagnetism

Introduction

One of the most studied oxide materials, ZnO, has numerous
advantages in terms of material properties considered such as
its high optical transmittance property in the visible region as
well as being cheap and non-toxic material. In addition, ZnO
has many important properties for technological applications
especially for electro-optical devices such as large exciton
binding energy (60 meV), high ionicity, and direct wide band
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gap (3.37 eV) [1-3]. Solar cells [4], field-effect transistor [5],
bio-sensor [6], supercapacitor [7], and p-n junction [8] appli-
cations are among some device applications of ZnO. On the
other hand, it is possible alloying ZnO with a variety of ele-
ments in order to change its bandgap energy such as Mg and
Cd elements [9].

Since oxidation of Zn is very easy, there are a variety of
deposition techniques actively used to grow ZnO. Some of
these techniques are magnetron sputtering [10], pulsed laser
deposition [11], sol-gel solution deposition [12], atomic layer
deposition [13], successive ionic layer adsorption reaction
(SILAR) method [14], and pulsed filtered cathodic vacuum
arc deposition [15]. Magnetron sputtering is one of the most
commonly used methods, because the alloys having different
evaporation velocity at different vapor pressures can be suc-
cessfully deposited without changing their composition.
Furthermore, the possibility of entering macroparticles into
the film structure is very low in this method. The quality and
structure of the film obtained by the sputtering are excellent
and the adhesion to the substrate is quite good [1].

One of the most promising potentials for the ZnO material
systems is usability as an alternative transparent conductive
oxide instead of indium tin oxide due to the limited availabil-
ity of In element. In this case, enhancing the electrical con-
ductivity of ZnO is important without changing the transpar-
ency of the material. For this aim, ZnO is commonly doped
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with aluminum or gallium [11, 12, 16]. There are more inter-
ests on Al-doped ZnO (AZO) thin films, since it has achieved
better conductivity values compared to that of Ga doping [11,
12]. However, it is important to notice that the efficient and
uniform doping is required for the reliability of the materials.
Many approaches have been employed for doping of ZnO
with Al such as adding the Al source into the solution for
solution-based synthesized materials [17], using a ZnO:Al
sputtering targets at different Al concentrations [11], and
using two separate sources in growth such as atomic layer
deposition, pulsed laser deposition, and sputtering. One prom-
ising strategy for better doping schemes is to employ a multi-
layer growth to enhance the diffusion throughout the thickness
of the material. The multilayer growth strategy has very good
potential in terms of producing a film with high conductance
and transmittance as shown by the ZnO:Al/Ag/ZnO:Al [18].
Zn0/Zn0O:Al/ZnO nanostructure-based film was also pre-
pared by electroless process and, however, no electrical con-
ductivity data was presented [19]. ZnO/Al/ZnO was grown by
thermal evaporation to produce high-conductivity transparent
material. Transmittance at the visible region of 75% and the
resistivity 0f 2.9 x 10 € cm was achieved [20]. The effect of
the middle layer Al thickness between 1 and 10 nm in ZnO/Al/
ZnO multilayer structure was also shown [21]. The 10-nm
thickness is shown be a highly improved performance com-
pared to other samples.

Although, it is showing promising advantages of multilayer
growth for doping in order to obtain high conductance and
transmittance materials, there are scarce reports showing the
effects of the multilayer growth effects. In the present study,
different strategies were applied in order to investigate the
effects of Al multilayer on the electrical and optical properties
as well as magnetic properties. Al metals from the top, bottom,
and middle of the ZnO thin films grown by magnetron
sputtering with the same thicknesses were prepared, namely,
ZnO/substrate, ZnO/Al/ZnO/substrate, ZnO/Al/substrate, and
Al/ZnO/Al/substrate samples.

Experimental details

Thin films are deposited by radio frequency magnetron
sputtering (RFMS) technique on the c-plane sapphire (c-
Al,O3) and (100) Si substrates. The distance between the sub-
strate and the target was 6 cm and kept constant for all the
growths. The substrate was heated to 300 °C. The base pres-
sure was ~5x10"" Torr achieved by a liquid nitrogen finger.
RF power for the growth was 60 W and the growth pressure
was 20.0 mTorr. Sputtering was started after the inert gas
entrance to the chamber. ZnO (200nm) (Z), ZnO (200nm)/
Al (10nm) (ZA), ZnO (200nm)/Al (10nm)/ZnO (200nm)
(ZAZ), and Al(10nm)/ZnO(200nm)/Al(10nm) (AZA) layers
were deposited on silicon and sapphire substrates as shown in
Fig. 1. Inside the parenthesis of the grown multilayer struc-
tures shows the name of the samples. Samples grown on Si
substrates are named Z-Si, ZA-Si, ZAZ-Si, and AZA-Si,
while the samples grown on sapphire are named Z-Sa, ZA-
Sa, ZAZ-Sa, and AZA-Sa, respectively. In situ thickness mea-
surements were done during sputtering. All the thin films were
annealed at 450 °C for 1 h in air ambient condition except for
bare ZnO (200nm). In order to put the differences between
annealed and as-grown samples, “450” is added at the end of
the sample name.

After growth, XRD studies of as-deposited and annealed
samples were carried out using the Rigaku Miniflex-XRD
system. Absorptions and transmissions were measured with
Varian Cary 5000 model UV—VIS-NIR spectrophotometer.
The measurements were done in the range of 200-800 nm
and reflectance measurements were measured with
DRA2500 up to 800 nm. Electrical properties of the films
were performed by the HMS-3000 system using the four-
point probe Van der Pauw technique. In order to determine
the magnetic behavior of the samples, magnetization measure-
ments were performed by using the vibrating sample magne-
tometer (VSM) option of PPMS (Quantum Design Dynacool-
9T) system.

W ZnO (100 nm) ZnO (200 nm \
|
|
Z-Si ZAZ-Si ZA-Si AZA-Si
ZnO (200 nm) ZnO (100 nm) Zn0O (200 nm)
ALOs (Substrate)
ZnO (100 nm) AlO3 (Substrate)
ALO3 (Substrate) AlO; (Substrate)
7Z-Sa ZA7Z-Sa 7ZA-Sa AZA-Sa

Fig. 1 Schematic representation of the samples deposited on Si and sapphire by RFMS
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Fig. 2 XRD graphics of the
multilayer samples produced on
Si. a As-deposited. b Annealed
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Results and discussion
Structural properties

X-ray diffraction results are represented in Fig. 2. Main peaks,
which correspond to ZnO (002) plane, become sharper in
samples ZAZ-Si, ZA-Si, and AZA-Si compared to that of
control sample Z-Si. The incorporation of aluminum atoms
into ZnO crystal as a dopant atom is most likely responsible
for the change observed in XRD data. This might be due to the
growth at 300 °C; Al atoms start to diffuse into the ZnO and
the structural quality changes as shown in Fig. 2 a. After
annealing, even sharper (002) reflection for samples ZAZ-Si,
ZA-Si, and AZA-Si can be seen compared to that of sample Z-
Si, as shown in Fig.2 b. At this point, there is an observed
small shift in the 260 angle compared to that of the control Z-Si
thin film except for the thin film ZAZ-Si450 (Table 2). The
shift means the change in the crystal structure by changing the
lattice parameters. However, no change observed in the ZAZ-
Si450 might be showing Al incorporation is not changing the
lattice parameters in this film.

Further analysis is made by grain size evaluation. The grain
size of the crystals in the films is calculated from the X-ray
diffraction data by using the well-known Scherrer formula [22];

+—+—+Z-Si
¢—0—¢ ZAZ-Si450
C—O—© ZA-Si450
A—t—i AZA-Si450

Intensity (a.u)

o

20 25 30 35 40 45 50 55 60 65 70 75 80
2 0 Angle (degree)

D— KA
~ Bcosh

where K is a constant, A is the wavelength of the X-ray
used, 0 is the Bragg reflection angle, and 3 is the half-
maximum width (FWHM) of the reflections in radians.
For calculations, the K constant is taken as 0.9. The
widths of the X-ray diffraction data reflect the grain
size as shown in Table 1. In addition, the structural
properties of samples produced on sapphire showed
similar behavior with those produced on silicon. Grain
size values increase after annealing except for the ZA-Si
thin film.

Cross-sectional SEM analysis

In Fig. 3, the white region as indicated by cross-sectional
back-scattered SEM images shows the ZnO coating on Si
substrate. The approximate thickness was measured for all
the ZnO samples to be ~200 nm. The interface between ZnO
and Si seems to be clear and coated coherently. The upper row
indicates (Fig. 3 a, b, c) the as-deposited ZnO-Al layers while
the lower row (Fig. 3 d, e, f) shows the images after annealing.
It is clearly seen that the ZAZ-Si and AZA-Si layers seem to

Table 1 X-ray diffraction data

results of samples produced on Si Angle(20) (deg.) d (nm) Assignment FWHM (deg.) Grain size (D) (nm)
Z-Si 34.0 0.264 (002) 1.34 5.92
ZAZ-Si 33.8 0.265 (002) 0.72 11.0
ZA-Si 33.8 0.265 (002) 0.48 16.5
AZA-Si 33.8 0.265 (002) 0.49 16.2
ZAZ-Si450 34.0 0.264 (002) 0.70 11.3
ZA-Si450 33.7 0.266 (002) 0.55 14.4
AZA-Si450 338 0.265 (002) 0.46 17.3
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Fig. 3 The cross-sectional SEM
images of a ZAZ-Si, b ZA-Si, ¢
AZA-Si, d ZAZ-Si450, e ZA-
Si450, and f AZA-Si450

have Al and ZnO layers, separately. Even a thin layer of Al
about 10 nm is visible for ZAZ-Si as well as Al on the top
layer in AZA-Si samples. However, the Al layer at the Si
interface in AZA-Si and the ZA-Si samples is not clear. This
might be due to the Al diffusion into the Si substrate during
the growth, since the growth was performed at 300 °C. After
annealing, no visible separate layers can be seen due to the
high diffusion of the Al element into the ZnO matrix to the
possible production of Al-doped ZnO layers.

The line EDS analysis taken from cross-sectional SEM im-
ages shows the distribution of elements along the line from the
top of the ZnO to the inside of the substrate Si as shown in Fig.
4. The length of the line profile analysis is 800 nm. Two cross-
sectional SEM images (Fig. 4 a and b) with line elemental
profiling belong to as-deposited ZAZ-Si and AZA-Si samples
can be seen as a representative in the figure. In both of these
cross-sectional SEM images, it is seen that the intensity of the Si
element increases through the Si substrate, but it is interesting to
see that there is a Si element in the ZnO films which is higher at
the interface and decreasing through the surface of the ZnO.
This might be due to the Si diffusion into the film due to a
growth temperature of 300 °C. Furthermore, it is noticed that
Al element peaks in the ZAZ-Si sample in the middle of the
sample, while it is on the top surface of the AZA-Si film as
illustrated in the cross-sectional SEM images in the figures.
When these two as-deposited samples are compared, it is seen
that the Al element signal is higher in the AZA-Si sample than
the ZAZ-Si throughout the ZnO thin film. Al element diffusion
into the Si substrate is also seen especially in the ZnO thin film
having Al layer top and bottom side (AZA-Si). This diffusion is
the reason not to observe the Al layer as a separate layer at the
interface between Si and ZnO.

@ Springer

The inset in Fig. 4b shows the line element profile after
annealing the AZA-Si sample. It is seen that the Al is
homogenously distributed throughout the ZnO thin film after
annealing. On the other hand, Al distribution is not homoge-
nous after annealing for those ZA-Si and ZAZ-S:i films as seen
in Fig. 4 ¢, d, and e. Line elemental profile before and after
annealing for ZA-Si thin film can be seen in Fig. 4d and e. As
seen in those figures, it is almost the same profile appearing
before and after annealing. This is mainly due to the Al layer
at the interface in ZA-Si thin film which diffuses into the Si
substrate during the growth. This affects the Al distribution
through the ZnO thin film and non-uniform distribution is
seen. For the ZAZ-Si450 film, EDS spectra can be seen in
Fig. 4 c at six different points. The first 3 spectra from the
top are within the ZnO layer with a red one from the top,
yellow from the middle, and the green one at the interface,
while the last three bottom rows show the spectra taken from
inside of the Si substrate. As seen from the figure, the Si peak
increases in the most deeper spectra taken from the Si sub-
strate (black spectrum) and all the other peaks diminish com-
pared to that of the Si peak. Also, the Al peak intensity varies
from the top to the inside Si substrate. Table 2 shows the
element compositions obtained from each spectrum given in
Fig. 4 c. As seen in the table, the Al content is lowest at the top
of the surface and the very last row deepest in the Si substrate.

Optical properties

In optical properties of samples grown on sapphire substrate
Z-Sa, ZAZ-Sa, ZA-Sa, and AZA-Sa, samples were investigat-
ed before and after annealing by measuring the absorptions
and transmissions of the samples. The transparency of the
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Fig.4 Cross-sectional SEM image with line element profile. a ZAZ-Si. b
AZA-Sisample, inset is element profile after annealing the sample. ¢ EDS
spectra of ZAZ-Si450 from six different places in cross-sectional SEM

control sample Z-Sa is around 80% in the 400—-800-nm range
as shown in Fig. 5. Transmission of all other as-grown multi-
layer structures is lower than that of Z-Sa before annealing.
After annealing, the transparency of the samples changes due
to diffusion of the Al. For example, the transmission of sample
ZAZ-Sa is very low for the as-grown layer after deposition

Table 2 Compositional analysis of ZAZ-Si450 annealed sample

300 400 500 600 700 8t
Distance from surface (nm)

800 700 600 500 400 300 200 W00 0
Distance from surface (nm)

images. d plot for element profile for ZA-Si before annealing. e Plot for
element profile for ZA-Si after annealing

due to metallic mirror behavior of Al layer, after annealing
reflectance is almost identical with sample Z-Sa, which is a
proof of single ZnO film phase on the substrate. For sample
ZAZ-Sa, all Al atoms seem diffused in ZnO as a dopant be-
cause of observed identical transmission with bare ZnO. On
the other hand, the trend of sample ZA-Sa shows that diffusion

C (at. %) O (at. %) Al (at. %) Si (at. %) Zn (at. %)
32.86 14.28 3.83 40.78 8.25
35.78 15.12 4.66 35.50 8.94
37.68 15.09 5.79 31.79 9.65
54.31 13.01 5.53 18.16 8.99
50.23 16.51 434 19.84 9.08
59.28 10.97 0.68 25.60 347

@ Springer



1044

J Aust Ceram Soc (2021) 57:1039-1047

Fig.5 Change of transmittance of 100
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is unlikely to happen during the annealing, since no significant
change before and after annealing is observed in the transmis-
sion spectra as shown in Fig. 5. It seems still metallic mirror
behavior of Al films observable. From these observations, it
might be concluded that the bottom Al metallic structure
might not be the best for Al diffusion. As it is also shown
from the cross-sectional SEM images, the Al layer at the in-
terface diffuses through the substrate during the growth. Low
transmission value is observed for sample AZA-Sa probably
due to the top and bottom metallic aluminum film. This
change in the transmittance might be indicative of heavy Al
doping. Even though the crystalline quality is improved just a
bit after annealing, however, the transmission is improved
significantly in sample AZA-Sa450. On the other hand, the
distribution of Al is quite good and perhaps the Al quantity is
very low by growing 10-nm Al in the middle instead of top
and bottom as the transmittance values are compared.

In order to obtain band gap values for the samples, absorp-
tion coefficient data analysis was performed. The absorption
coefficient is given as a= (1/d) In (1/7). d is film thickness and
T is transmission [20]. The absorption coefficient («) and
band gap (£,) is proportional as given below;

o =A(hvE,)" /hv

Here, it is known that A is constant, /v is photon energy,
and n is 0.5 for direct band gap materials [20]. The band gap of
the films was calculated by using the formula above. From

400 500 600
Wavelength (nm)

700 80

700 800

Fig. 6, the value of the energy band gap is about 3.25, 3.26,
3.26, and 3.26 eV for Z-Sa, ZAZ-Sa, ZA-Sa, and AZA-Sa
samples, respectively, as given in Table 3. Energy band gaps
of ZnO thin films are increased with Al doped. The increase in
these values may be due to the increased carrier concentration
causing the Burstein-Moss effect by preventing to be full of
low energy states in the conduction band [23]. It was observed
that the change in the energy band gap was the most before
and after annealing of the AZA-Sa and ZAZ-Sa samples.

In addition to the Tauc plots [24] used above, the first
derivative plot of the transmittance [25, 26] was used to find
the band gap energy values of the thin films. The change of
dT/d)\ according to wavelength can be seen in Fig. 7. It is
observed that the peak of the Z-Sa sample has the highest
wavelength (lowest energy band gap); thus, it is decided that
the change in band gap energy values occurs with the intro-
duction to ZnO of Al. The energy band gap values are shown
in Table 3. Figure 7 shows quite clearly the strong reduction in
amplitude of the AZA-Sa sample.

In Fig. 8, reflectance measurements of Z-Si, ZAZ-Si, ZA-
Si, and AZA-Si are shown. It is seen that the total reflection
changes very much after annealing for samples ZAZ-Si. It is
observed that the annealing procedure does not change the
reflectance of the control sample ZnO as shown in Fig. 8.
However, annealing has a significant effect on the reflectance
of the sample ZA-Si450 and AZA-Si450. Samples ZA-Si450
and AZA-Si450 have the highest reflectance close to absorp-
tion edge than decreasing sharply.

Table 3 Energy band gap

obtained for two different samples Z-Sa ZAZ- ZA- AZA- ZAZ- ZA- AZA-
for all the samples Sa Sa Sa Sa450 Sa450 Sa450
E, (eV) (ahv) ~325  ~3.26 ~3.26 ~3.26 ~3.27 ~3.26 ~3.27
E, (eV) dTidN)  ~325 ~3.26 ~3.25 ~3.26 ~3.27 ~3.26 ~3.27
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Electrical properties

Hall effect measurements were conducted to characterize the
electrical properties of the Z-Sa, ZAZ-Sa450, ZA-Sa450, and
AZA-Sa450 samples. Measurements were made at room tem-
perature and carried out in a constant magnetic field 0f0.54 T.
Hall parameters such as bulk concentration, mobility, resistiv-
ity, sheet concentration, average Hall coefficient, carrier type,
and conductivity for the films were obtained and tabulated in
Table 4. To ensure the reliability of the results, the Hall mea-
surements were repeated several times for each sample.

Hall effect measurements were not applied Al top deposit-
ed as-grown thin films. Those thin films are measured after
annealing, since no metallic Al layer is observed on top. Hall

5 lllllllllllllllllllllllllllllllllllllllllllllllll-
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Fig. 7 Plots of the derivative of the transmittance with respect to the
wavelength of the as-deposited and annealed samples

measurement has shown that all layers are n-doped as expect-
ed. The control sample Z-Sa, which does not have an Al-
containing layer, shows background doping of around
1.3x10"" cm . The highest doping is achieved for the sample
AZA-Sa450 which is on the order of ~10"? cm > compared to
that of other samples. The result might be due to the larger
diffusion of Al atom into ZnO layers from the top and the
bottom layer. In the present case, the mobility is highest for
the sample AZA-Sa450 with the highest concentration. This
might be related to the change in crystalline quality of the
samples after annealing. The best Al diffusion from the trans-
mission curves given in Fig. 5 was seen for the AZA-Sa450
sample as discussed above. It is also obtained that the lowest
resistivity and highest bulk concentration is found in the AZA-
Sa450 sample from electrical measurements. As a result, it can
be concluded that the sample of AZA-Sa450 is the best struc-
ture to dope ZnO by Al Although ~10' ¢cm ™ doping is
achieved in the AZA-Sa450 thin film, the achieved resistivity
value is a bit lower than the reported values in multilayer
samples [18, 20, 27]. On the other hand, obtained transmit-
tance and the mobility, 18.2 cmz/(V.s), values are better com-
pared to the given literatures above.

The magnetic field dependence of magnetization (M(H))
measurements for AZA-Sa450, ZAZ-Sa450, Z-Sa, and ZA-
Sa450 samples were performed under £5 T magnetic field at
room temperature and the hysteresis curves of the samples are
shown in Fig. 9. The data collected from samples was taken
along the plane of the film and the hysteresis curves of the
samples show weak ferromagnetic behavior. The origin of fer-
romagnetic behavior may be resulting from oxygen vacancies
and other intrinsic defects in samples [28-31]. The saturation
magnetization (M) of AZA-Sa450, ZAZ-Sa450, Z-Sa, and
ZA-Sa450 samples is determined as 1.13x107%, 0.60x1072,
0.34x102, and 0.25x10"% emu/cm’, respectively. The AZA-
Sa450 film shows higher saturation magnetization compared to
that of other samples. The strong ferromagnetism of AZA-
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Fig. 8 Change of films produced
on Si of reflectance according to
wavelength. a As-deposited. b
Annealed

200 300 400 500

Wavelength (nm)

Sa450 film compared to other samples can be attributed to the
interface exchange coupling between AZA-Sa450 layers. The
coercive field values (H,.) of AZA-Sa450, ZAZ-Sa450, Z-Sa,
and ZA-Sa450 samples were determined to be approximately
124.22,430.29, 627.18, and 942.12 Oe, respectively, indicating
that they act as a soft ferromagnetic material. The systematic
increase in H,. is likely to originate from domain wall pinning
effects [32]. The remanent magnetization (M,) of AZA-Sa450,
ZAZ-Sa450, Z-Sa, and ZA-Sa450 samples was determined as
6.80x107%,6.23x107%,3.51x10™*, and 3.38x10™* emu/cm’, re-
spectively. It can be thought that the systematic decrease of M,
value can be considered due to the gradual decrease of satura-
tion magnetization of the samples [33].

The effective magnetic moment (p.¢) has been determined
from the following equation,

MM
Hefr = NAﬂ

where M,, is the molecular weight, A/ is the saturation mag-
netization, Ny is the Avogadro’s number, and ( is the conver-
sion factor (9.27x10%! erg/Oe). The effective magnetic mo-
ment of AZA-Sa450, ZAZ-Sa450, Z-Sa, and ZA-Sa450 sam-
ples is calculated as 2.19x107*, 1.16x107*, 0.49x107*, and
0.48x10* up, respectively. The small i values indicate that
a very small fraction of ions are ferromagnetically coupled at
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the interfaces of the AZA-Sa450, ZAZ-Sa450, Z-Sa, and ZA-
Sa450 films [34].

Conclusion

Different multilayer samples were grown to investigate the effec-
tive doping of ZnO with Al by the magnetron sputtering method.
For this aim, ZnO(200nm) (Z), ZnO(200nm)/Al(10nm) (ZA),
ZnO(100nm)/Al(10nm)/ZnO(100nm) (ZAZ), and Al(10nm)/
ZnO(200nm)/Al(10nm) (AZA) samples were prepared and
annealed at 450 °C for diffusion of Al into the ZnO. The diffu-
sion of the Al at the interface through the Si substrate is observed
from the cross-sectional SEM images. It is also shown that the Al
distribution is quite homogeneous after annealing for the AZA-
Si450 sample. This homogeneous distribution might have an
effect on the enhanced crystal quality of annealed ZnO multilayer
samples. It was observed that the transmittance of the grown
samples varies significantly before and after annealing. The
transmittance of the sample ZAZ-Sa becomes almost identical
with the control sample after annealing which confirms the dif-
fusion of the Al into the ZnO film. Hall effect measurements
showed that ~10'"* cm™ concentration and 102 Qcm resistivity
were achieved in the AZA sample. The magnetic results reveal
that all samples, except for the AZA sample, show a weak

Table 4 Results of the Hall effect
measurements

Z-Sa ZAZ-Sa450 ZA-Sa450 AZA-Sa450
Bulk concentration (cm ) -1.3 x 10" -1.5x10'8 4.7 % 10" -2.0 % 10"
Mobility (cm?*/V.s) 4.0 6.8 1.8 18.2
Resistivity (2.cm) 12.2 62x107" 73 38 %1072
Sheet concentration (cm 2) -1.3 x 102 -1.5% 10" 4.7 x 102 -9.1 x 103
Conductivity (1/€2) 82 x 1072 1.6 1.4x 107" 2.6 %10
Average Hall coefficient (m?/C) 4.8 x 10" —4.2 1.3 x 10" 4.8 x 107
Carrier type n n n n
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Fig. 9 The hysteresis curves of ZnO(200 nm), ZnO(100 nm)/Al(10 nm)/
ZnO(100 nm), Al(10 nm)/ZnO (200 nm), and Al(10 nm)/ZnO(200 nm)/
Al(10 nm), which is labeled as Z-Sa, ZAZ-Sa450, ZA-Sa450, and AZA-
Sa450, respectively

ferromagnetic behavior. AZA is the sample with the strongest
ferromagnetism, which is attributed to the interface exchange
coupling between the layers. It is concluded that by optimizing
the annealing conditions, it is possible to obtain films which have
better crystal quality, conductivity, and magnetic properties.
Effective and homogenous diffusion of the Al throughout the
ZnO thin film showed enhanced electrical and magnetic proper-
ties in the multilayer ZnO-Al samples.
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