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(Co + Al)-doped ZnO films have been synthesized by the RF magnetron sputtering. Films of this composition
have first been obtained in mixed atmosphere of Ar + H,. High hydrogen concentration of 20-50% has been used
together with high enough substrate temperature of 450 °C. The used technological conditions affected the
morphology, chemical composition, optical, electric, and magnetic properties of the films to an even more than
in the case of Co-doped ZnO films synthesized under the same conditions and studied earlier. The films exhibit
ferromagnetic behavior at room temperature with much greater magnetization and magneto-optical activity

compared to the Co-doped films. At the same time, the hydrogenated films show an increase in electric con-
ductivity in comparison with samples synthesized in the atmosphere of Ar + O,. The magnetic nature of the
hydrogenated films has been associated with the defect-related mechanism.

1. Introduction

Diluted magnetic oxides (DMO) based on ZnO are among the most
promising candidates for spintronic applications, since they are wide-
bandgap semiconductors, can exhibit ferromagnetism at room temper-
ature and their magneto-electric properties can be controlled [1-4].
However, the origin of ferromagnetism (FM) in such materials is still
under debate, as it critically depends not only on the nature of the
doping elements but also on the conditions of the sample synthesis and
the post-synthesis treatment. Many researchers use Co and Al as doping
elements [5-10]. The first is for controlling the magnetic properties, and
the second is for controlling the electrical conductivity. In the case of the
ZnO films doped with Co and Al simultaneously, ferromagnetic behavior
of the samples is also ambiguous because in some reports the magnetic
moment of the sample increases with the Al introduction [5,7-9] in
others it remains unchanged or even decreases [6,10].

As for the methods of preparation and post-synthesis treatment of the
samples, hydrogenation of the doped ZnO has recently became
increasingly popular. Theoretical [11,12] and experimental [13-16]
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studies have led to the conclusions that hydrogenation of the doped ZnO
films uniquely induces/enhances FM behavior in the samples. Never-
theless, the ferromagnetism nature of the hydrogenated samples also
remains controversial. In particular, ferromagnetism upon hydrogena-
tion of the Co-doped ZnO films was explained in Refs. [6,17] by the
formation of Co-H-Co complexes, authors of Refs. [18,19] associated it
with the metallic Co clusters, mechanism of the FM state formation due
to the defect-mediated environment was suggested in Refs. [20,21].
Such variety of theoretical interpretations may be partly due to the va-
riety of the samples physical properties due to different hydrogenation
methods. The main methods of hydrogenation are plasma treatment of
the samples with the Ar-H; mixed gas [15,16], irradiation with a beam
of hydrogen ions [21], the post-synthesis annealing in the Hy atmo-
sphere [19,22], and the radio frequency (RF) magnetron sputtering in
the Ar-Hy mixed gas environment [6,13]. Besides, the substrate tem-
perature during the synthesis or post-synthesis treatment of the doped
ZnO films play a key role in formation of their physical properties
[22-24].

Recently, we have revealed exceptionally strong effect of the
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hydrogen introduction to the sputtering chamber on the structure and
physical properties of the Co-doped ZnO films [25]. The films thickness
decreased several times when Ar was partly replaced by hydrogen in
concentrations from 20 to 50% compared to films sputtered from the
same target in the Ar + O, atmosphere. Strong decrease in the Zn/Co
ratio in the films, changes in the samples structure, electrical and
magnetic behavior were observed simultaneously. The phenomenon
was associated with the formation of gaseous ZnHj; due to the reaction of
hydrogen with Zn in the growing films under the conditions of the high
substrate temperature (450 °C). Since this effect was observed for the
first time, it was interesting to simulate a similar experiment for samples
with other doping elements, in particular with a set of elements affecting
both the magnetic and electrical properties of the films, for example Co
+ Al

We know of only one report, in which the magnetic properties of the
(Co + AD-doped ZnO films hydrogenated using hydrogen plasma
treatment were investigated [16]. Herewith, the treatment took place in
atmosphere of the Ar/Hs = 9/1 mixed gas, that is, at the essential lower
hydrogen concentration comparing to Ar/Hj ratio from 4/1 to 1/1 used
in [25]. The Al doping in Ref. [16] suppressed the hydrogen-mediated
ferromagnetism in Co-doped ZnO films.

In connection with the above, we synthesized the (Co + Al)-doped
ZnO thin films by the RF magnetron sputtering in mixed atmospheres of
Ar + 20-50% H; and Ar + 20% O3 exactly at the same conditions used
for synthesis of the Co-doped ZnO films in Ref. [25]. The morphology,
chemical composition, crystal structure, optical transmission, electrical
resistivity, and magnetic properties of the samples were investigated.
The data were analyzed comparing them with that obtained earlier for
the Co-doped ZnO films [25]. The role of hydrogen in the formation of
magnetic and electrical properties of the samples was considered basing
on this analysis.

2. Material and methods
2.1. Samples synthesis

The (Co + Al)-doped ZnO (CAZO) films were grown on a glass sub-
strate by the standard RF magnetron sputtering system using the two-
inches Zng 93Co0 05Alp 020 target. The target was synthesized from
high purity ZnO (99.999%), Al,05 (99.997%), and Co304 (99.9985%)
by a standard two steps solid state reaction method. All of three raw
materials were weighted according the mole ratios. ZnO and Aly,O3
weighted powders were mixed and calcined at 1300 °C for 10 h under
the flow of oxygen. The calcined powder was ground and ready for
another calcine process. After of two times of high temperature calcined,
the powder was proportionally mixed with Co304. 5% of polyvinyl
alcohol (PVA) binder mixed with the final powder which was then
pressed into two inches pallet. The pallet was heating up slowly with a
ramp rate of 1 °C/min to 600 °C and remained for 6 h to decompose and
evaporate PVA out from the target. The pallet was continuously and
slowly heating up to 860 °C and stayed at this temperature for 10 h to
form target. The final target was cooled down slowly to room temper-
ature. The films deposition was carried out at a total pressure of 30
mTorr and a forward RF power of 80 W at the substrate temperature
450 °C for 20 min. Five samples were deposited with the following
mixed gas in the chamber: Ar + 20% O, Ar+ (20%, 30%, 40%, 50%) Hy,
samples CAZO1-CAZO5, respectively. For the comparison, the Co-doped
ZnO (CZO) films were deposited from the Zng 95C0p 05O target exactly at
the same conditions — samples CZO1-CZO5, respectively.

2.2. Methods

The films cross-section was obtained using the high-resolution
transmission electron microscope (TEM). A two-beam focusing ion
beam with a final trim energy of 5 keV was used. Analysis of the films
structure was studied using field emission gun high-resolution TEM
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(Tecnai F20 G2 MAT S-TWIN).

The compositional analysis was performed by a field emission elec-
tron probe microanalyses (EPMA) using the JEOL JXA-8530F. An elec-
tron beam was incident on the surface of the films on a large area of 100
x 100 pm? and few points of around 1 x 1 pm?, and their X-ray wave-
length dispersive spectra (WDS) were collected for compositional anal-
ysis. To enhance the confidence on the compositional probing, several
spectra were collected for around six minutes for every detection area.
Final quantity analysis on Zn and Co was done by averaging these
spectra.

A JEOL JSM-7001F scanning electron microscope (SEM) was used to
investigate the films surface. The films thickness and elemental
composition were examined also by X-ray fluorescent analysis (XRFA)
using a spectrometer S4 PIONEER (Bruker).

X-ray diffraction (XRD) data were collected at room temperature
with a Bruker D8 ADVANCE powder diffractometer (Cu-Ka radiation)
and linear VANTEC detector. To increase the intensity of the powder
pattern, a detector slot with a diameter of 2 mm was used. The step size
of 20 was 0.016°, and the counting time was 7 sec per step. Rietveld
refinement was performed by using TOPAS 4.2.

The electrical resistivity of the films was investigated at room tem-
perature using the standard four-point probe technique. The optical
transmittance was measured at room temperature with N&K
spectrometer.

The magnetic properties of the samples were studied by magnetic
circular dichroism (MCD) at the optical frequencies. The MCD effect
reflects the magnetic behavior of the sample, since this effect is linear
function of the sample magnetization in the magnetic field. MCD was
measured in the normal geometry: an external magnetic field vector and
the light beam were directed normal to the films plane. Thus, during the
measurement process, the change in the projection of the magnetic
moment of the sample on the direction normal to its plane was recorded
The modulation of the polarization state of the light wave from the right-
hand to the left-hand circular polarization relatively to the magnetic
field direction was used. The MCD value was measured by the formula
Ak = (D,-D_)/d, where D, and D_ are the optical density of the films for
right and left polarized waves, and d is the films thickness. Measure-
ments were carried out in the spectral range 1.2-4.5 eV in a magnetic
field up to 13 kOe at the temperature 300 K. The measurement accuracy
was about 10™%, and the spectral resolution was 20-50 cm™! depending
on the wavelength.

3. Results and discussion
3.1. Morphology, crystal structure, and chemical composition

The thickness of the CAZO films determined by XRFA is presented in
Table 1 in comparison with the thicknesses of the CZO films. The
thickness of CAZO1 and CZO1 was 130 and 160 nm, that is, the depo-
sition rate for these films was about 0.11 u 0.13 nm/sec, respectively.
These values are within the deposition rates ~0.04 nm/sec and ~0.8
nm/sec obtained by different authors for the Co-doped and Al-doped
ZnO films synthesized by the RF sputtering in the pure Ar atmosphere
under slightly different technological conditions [19,26,27]. Authors of
these reports noted a decrease in the films deposition rate approximately
by about 15-30% when hydrogen was added into the sputtering
chamber. The value of the films deposition rate depended on the
deposition power and the hydrogen flow rate.

In our case, the sharp decrease in the films thickness (more than
twice) at the transition from the Ar + O to the Ar + Hy atmosphere and
its slower diminution with the further increase in the hydrogen con-
centration in the gas mixture is characteristic for both sets of the films.
The reduction of the films thickness with the increasing hydrogen con-
centration is confirmed by TEM images obtained for several samples.
Examples of the cross-section TEM image for the CAZO1 and CAZO5
samples are shown in Fig. 1. The results of both types of measurements
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Table 1
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The films thickness according to XRFA, Zn/Co ratio according to XRFA, as well as EPMA data, and electrical resistivity for CAZO and CZO films.

Sample Gas mixture Doping elements Film thickness, nm Zn/Co Resistivity, Ohm*cm
(XRFA) (EPMA)
CAZO1 Ar + 20% O, Co + Al 130 18.5 22 Over 14.8%102
Cz01 Co 160 19.2 26.72 Over 22.7%102
CAZO2 Ar + 20% H, Co + Al 36.9 4.1 4.58 451072
CZ02 Co 71.7 4.3 4.23 11.8%1072
CAZO3 Ar + 30% Hy Co + Al 18.8 2.6 2.19 4.6107!
CZ03 Co 53.5 3.6 3.05 6.4*1072
CAZO4 Ar + 40% Hp Co + Al 18 2.5 ~0.75 4.1%107!
CZ0O4 Co 37 2.9 2.09 1.6%1072
CAZO5* Ar + 50% Hp Co + Al 14.1 - ~0.70 6.4¥107!
CZO5 Co 31.6 2.6 1.49 1.5%1072

*) Zn/Co ratio was not determined for the film because of its very small thickness.

Fig. 1. TEM images of the cross-sections of CAZO1 (a) and CAZOS5 (b) films.

match very well (Fig. 2). Note that despite the same synthesis condi-
tions, for all samples of the CAZO series, the films thickness is less than
that of the CZO series. Probable, the Al admixture diminishes the sput-
tering rate of the target.

The decrease in the films thickness with the increase in the hydrogen
concentration is accompanied by a decrease in Zn/Co ratio in the films
(Table 1). For all CAZO and CZO samples, the Zn/Co ratio was deter-
mined by the XRFA and EPMA data. The obtained data correlate well
with each other. According to the data, the Zn and Co content in the
CAZO1 and CZO1 samples is close to that in the sputtered targets (18.6
for CAZO and 19 for CZO). This ratio decreases with the transition from
the gas mixture Ar + O3 to Ar + Hy and with the subsequent increase in
the H; concentration in the sputtering chamber following approximately
the same regularity as the decrease in the films thickness (insert in
Fig. 2). It means that the films thickness decreases due to a decrease in
the Zn amount in them.

It should be noted that the relative Al content in the CAZO2-CAZO5
samples also increases with increasing Hy. Percentages of Co and Al in
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Fig. 2. Dependence of the CAZO and CZO films thickness on the hydrogen
concentration in the sputtering chamber (filled symbols - the data obtained by
XRFA, open symbols - the data obtained by TEM). Insert: dependence of the Zn/
Co ratio in the CAZO and CZO samples on the hydrogen concentration in the
sputtering chamber (filled symbols — the data obtained by XRFA, open symbols
- the data obtained by EPMA). The dash lines are for guide to eye.

the CAZO and CZO films calculated under the assumption that the ratio
Co/Al remains constant are collected in Table 2.

The surface images obtained by SEM for the CAZO2-CAZQ5 samples
are shown in Fig. 3. The granular structure is characteristic of the
CAZO02-CAZO4 films and typical for the ZnO samples in general [10,28].
Herewith, the granules size decreases with the hydrogen concentration
increase. For the CAZOS5 films, at a given scale the structure is not
defined. All CZO films have granular structure, which persists for the
CZO5 film also (Fig. 4).

XRD patterns for the CAZO1, as well as CZ02 and CZO3 films are
presented in Fig. 5. For CZO1-CZO5 films, the grazing incidence angle X-
ray diffraction (GIXRD) patterns were presented in our previous paper
[25], where the intense diffraction peaks were observed corresponding
to the (100), (002), and (101) crystal planes of ZnO indicating the
polycrystalline structure of the films. All observed diffraction peaks for
CAZO0L1 film also correspond to the ZnO lattice with a hexagonal wurtzite
crystal structure P6smc. Therefore, the ZnO crystal structure [29] was
taken as a starting model for the Rietveld refinement. Refinements were
stable and gave low R-factors (Table 3). (R-factor is a figure of merit
quantifying the quality of the fit between calculated and experimental
patterns, which is used to characterize the quality of refinement). For the
CAZO1 sample, only c-cell parameter was refined (Table 3), indicating
the pronounced texture in the film what explains extremely high in-
tensity of the reflections (Fig. 5a). For the CZO2 and CZO3 samples, the
most intense diffraction peaks correspond to (100), (002), and (101)
planes of ZnO, indicating the polycrystalline structure of the films in
accordance with the data in Ref. [25]. The intensity of these peaks de-
creases strongly with increasing hydrogen concentration. Such a
behavior indicates a decrease in the crystallites size in the samples and
the degree of their preferential orientation with an increase in the
hydrogen concentration as confirmed by the data presented in Table 3.
Since the average crystallites size for the CZ02 and CZO3 films is within
10 nm, we can suggest that the crystallites size is even smaller and
preferred orientation coefficient is higher in CZ04 and CZO5 samples, as

Table 2

Percentage of Co and Al in the CAZO and CZO films calculated using the XRFA
data and a system of equations: Co + Zn = 100%, Co + Al + Zn = 100%, Co/Al
= 2.5.

Sample Gas mixture Doping Zn/Co Co (%) Al (%)
elements (XRFA)

CAZO2 Ar + 20% Hy Co + Al 4.1 18.3 7.3

CZ02 Co 4.3 19

CAZO3 Ar + 30% Hy Co + Al 2.6 25.3 10.1

CZ03 Co 3.6 21.8

CAZO4 Ar +40%H,  Co + Al 2.5 25.5 10.2

CZ0O4 Co 2.9 25.7

CAZO5*  Ar+50%H, Co+ Al - - -

CZ0O5 Co 2.6 28.1

*) Zn/Co ratio was not determined for the film because of its very small
thickness.
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Fig. 4. SEM image of the CZO5 film surface.

well as CAZO2-CAZO5, for which reflexes are practically not observed.

Thus, the introduction of hydrogen into the sputtering chamber not
only leads to a decrease in the films thickness and a change in their
chemical composition compared with the composition of the target, but
also strongly affects crystal structure of the samples. Taking into account
the increase in the relative Co content in the hydrogenated CAZO and
CZO samples (as well as the relative Al content in the CAZO2-CAZO5
films) with the increasing hydrogen concentration (Table 2), one
could expect the formation of secondary phases related to Co and Al.
However, no other crystal phases associated with Co and Al are observed
in the XRD patterns. Such secondary phases were also not observed by
more sensitive GIXRD method for all CZO films [25].

A decrease in the thickness and change in chemical composition of
the doped ZnO films fabricated under certain technological conditions
were traced earlier by several authors. Conditions closest to those used
in the present research were presented in Refs. [22, 23, and 30]. The Co-
doped ZnO films were prepared with the pulsed laser deposition tech-
nique in an oxygen-deficient ambient at the substrate temperatures from
300 to 600 °C [23]. It was found that the Co content in the films was
higher than in the target (15% instead of 10%) at substrate temperatures
of 400 °C and above. It was explained by the re-vaporization of the Zn
atoms in greater number than Co atoms. The Mg?" and Ga®* co-doped
ZnO films deposited with magnetron sputtering at various hydrogen
flow rates and substrate temperature of 250 °C were studied in Ref. [30].
The films thickness decreased almost twice with increasing the Hj flow
rate (max Hy/(Ar + Hy) ratio was 18%). The authors explained this by
the fact that the deposition rate decreases with increasing the intro-
duction of hydrogen in the chamber for the reason that Hy is lighter than
Ar. Besides, they found that the Zn atomic percent in the films decreased
(by about 6% at the maximal Hy content) and the Mg atomic percent
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Fig. 5. Difference Rietveld plot of XRD patterns for the CAZO1 (a), CZO2 (b),
and CZ03 (c) films. For the CAZO1 sample (a), logarithm of intensity is plotted
along the ordinate due to the extremely high intensity of reflexes from the film.
For the other two samples deposited in a hydrogen atmosphere (b and c), the
square root of the intensity is plotted along the ordinate axis in order to
distinguish very weak reflexes.

Table 3
Structural parameters of the samples and main parameters of the refinement.
Ruwp is the weighted profile residual and Ry, is profile residual (reliability factor).

Sample CAZO1 CZ0O2 CZ03
Space group P63mc P63mc P63mc

a, A 3.22% 3.264 (4) 3.251 (3)
¢, A 5.2324 (7) 5.223 (8) 5.207 (7)
v, A® 46.983 (6)* 48.2 (1) 47.7 (1)
Average crystallites size, A - 101 (3) 94 (6)
26-interval, Degrees 25-130 20-70 20-70
Preferred orientation coefficient ** 0.1 0.671 (4) 0.727 (7)
Ryp, % 6.44 0.63 0.71

Ry, % 4.30 0.49 0.56

* Cell parameter a was fixed due to strong preferred orientation on (001) plane
and almost absence of (hk0) reflections. Cell volume was calculated using not
refined a cell parameter.

** Absence of preferred orientation gives coefficient equal to 1.

increased gradually (by about 30% at the maximal Hy content) with
increasing the Hy flow rate. The Ga atomic percent remained almost
unchanged. The Al-doped ZnO films prepared by magnetron sputtering
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under pure Ar atmosphere and then annealed under Hy atmosphere at
temperature from 300 to 625 °C were studied in Ref. [22]. It was
established that when annealing above 450 °C, the films thickness
decreased by about 10%, and the relative Al content in the samples
increased approximately 2 times. In this connection, a large number of
generated zinc vacancies (Vz,) was attributed to the hydrogen etching
effect. Thus, the change in parameters of the films under the effect of
hydrogen was previously mentioned, but not to such a great extent as in
our case. Evidently, the combination of the high hydrogen concentration
in the sputtering chamber in the process of the films deposition and large
enough substrate temperature were the main factors responsible for the
extremely low CAZO and CZO films thickness and the low Zn/Co ratio.

As it was mentioned above, the CZO films were synthesized by us
earlier under the same technological conditions as in the present study
[25]. Analyzing possible origin of the extremely strong hydrogen effect
on the films thickness and chemical composition, we proposed a reaction
of hydrogen with the growing Co-doped ZnO film in the process of its
deposition. Formation of a gaseous zinc hydride as a result of the reac-
tion (1) leads to a decrease in the Zn amount in the film. In additional,
the reaction intensity increases with an increase in the hydrogen con-
centration in the sputtering chamber that leads to further reduction of
the Zn amount in the films. Such assumption was based on the results of
reports [31,32] and especially on the report [33], where the special
experiment was carried out. A zinc rod was placed into an alumina tube
and heated it to 470 °C. Pure hydrogen floated slowly through the tube,
the DC discharge (3 kV, 333 mA) was applied between two electrodes
located inside the water-cooled ends of the alumina tube. The ZnH; gas
was detected directly in the tube with the help of infrared spectroscopy
through the special windows in the tube. Our experimental conditions
(the substrate temperature 450 °C and Hy migrating between the target
and substrate) are close to those used in [33]. Therefore, the reaction (1)
is quite possible in the case of the CAZO films. This reaction explains the
hydrogen effect on the morphological characteristics of the samples and
redistribution of the relative content of Co, Al and Zn in the films.
However, the noticeable stronger decrease in the CAZO films thickness
comparing to that of the CZO films (see, Table 1) induces one to think of
any additional mechanism enhancing the hydrogen effect in CAZO film
formation. This mechanism is not clear now.

7Zn0 + 2H,—ZnH, + H,0, (@]

3.2. Electrical and optical properties

The changes in the morphology and chemical composition of the
films caused by the hydrogen addition into the sputtering chamber are
accompanied by changes in their physical properties. As can be seen
from Tablel and Fig. 6, the electrical resistivity is of about 14.8%10?
Ohm*cm for the CAZO film deposited in Ar + Oy atmosphere and even
higher for CZO1 sample. This magnitude exceeds the resistivity of the
films deposited in an argon, oxygen or vacuum atmosphere by 4-6

60| Pezor > 22.7*10° Ohm*cm -
£ Poazoy > 14.8°107Ohm*cm
£ -
€401 - .n
=
e
o W CAZO
2 20 ® Ccz0
< o .
of ® S °
20 30 40 50
H, (%)

Fig. 6. Dependence of the resistivity value on the hydrogen concentration for
the CAZO and CZO films. The dashed lines are the guides for eye.
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orders [22,34,35]. For the CAZO2 and CZO2 films deposited in Ar + Hy
atmosphere, the resistivity value is lower by 4 orders of magnitude
compared to the CAZO1l and CZO1l samples. Then, with increasing
hydrogen concentration in the sputtering chamber, the resistivity of the
CZO03-CZO5 films falls monotonously within the same order, and the
resistivity of the CAZO3-CAZO5 films rises non-monotonically.

The four-order increase in the conductivity of the CAZO and CZO
films synthesized in a hydrogen-enriched atmosphere is apparently
associated with shallow donors, the amount of which increases with
increasing hydrogen concentration. Most of the authors conclude that
ZnO films can contain the shallow donors, such as oxygen vacancies (Vg)
and zinc interstitials (Zn;) [22,23,34-36]. In addition, hydrogenated
ZnO films can contain donor H' when it occupies interstitial positions
(H;) or vacant oxygen sites (Hp) [22,24,30,37]. In the case of the Al-
doped ZnO samples discussed in literature, Al acts as the dominant
donor because it generates free electrons [8,10,22,24,34,35,38]. By
comparing the resistivity between the CAZO2 and CZO2 films (Table 1,
Fig. 6), one can suppose that Al in the CAZO2 sample acts as the
dominant donor. However, already for the CAZO3 sample, resistivity
increases noticeably despite an increase in the hydrogen concentration
during the sputtering process, which in principle should lead to a
decrease in resistivity. For the hydrogenated CAZO and CZO samples,
two competing mechanisms effect strongly on the resistivity, namely the
appearance of the electron donors and the grain boundary scattering. As
it is seen from the TEM images and the XRD patterns, crystal structure of
the films deteriorates with increasing Hy concentration, and the samples
thickness decreases (see Section 3.1). Obviously, the films have the
greater defects density in the grain boundaries at thinner thickness that
increases the grain boundary scattering of free electrons, which lead to
increase in the resistivity. In the case of the CAZO-CAZOS5 films, grain
boundary scattering probably dominates.

The optical transmittance spectra for all samples are presented in
Fig. 7(a and c). The CAZO1 and CZO1 films demonstrate about 80-90%
transparency in the region 450-1000 nm, while the transparency of the
hydrogenated samples is lower despite their significantly smaller
thickness. It is noteworthy that the transparency value is almost the
same for the CAZO2-CAZO5 films and is 50% in the visible region,
whereas the transparency value for the CZ02-CZO5 films decreases from
55 to 35% with the increase of the hydrogen concentration during films
deposition.

The optical absorption () spectra and the band gap (Eg) for the
studied films were calculated from the transmittance spectra in the
strong absorption region, where reflection loss can be neglected. Data
were obtained using the Beer-Lambert law a = (1/d)*In(1/T), where T is
transmittance and d is film thickness, along with the Tauc model (ohv)?
= A (hv - Eg), where hv is the energy of the incident photon, and A is the
energy-independent constant. The obtained Eg value for the CAZO1 film
is 4.1 eV (insert in Fig. 7b). At the same time, for the CZO sample also
deposited in Ar -+ Oy atmosphere, E; was found to be ~3.3 eV (insert in
Fig. 7d) that is close to 3.31 eV for bulk ZnO [39] and 3.26 eV for ZnO
micro-rods [40]. For the hydrogenated CAZO films, the E; value is
almost constant and is ~ 4.3 eV (Fig. 7b). In the case of the hydroge-
nated CZO samples, E; increases from 4.3 to 4.5 eV with the growth of
the hydrogen concentration in the sputtering chamber (Fig. 7d).

The E; broadening was observed earlier both for the Al-doped ZnO
samples and for the non-doped ZnO samples (without [34,38,41] or with
[22,24,38,42] hydrogen participation). Such behavior was explained by
the E; dependence on the microstructure and conductivity of the ma-
terial, including the grain size, strain, and carrier concentration. The
small grain size leads to an increase in the contribution of the grain
boundary scattering into the sample optical properties, which leads to a
broadening of the optical band gap [43]. The compressive lattice strain
increases the optical band gap, while the tensile lattice strain decreases
it [41]. An increase in the carriers concentration in the samples can also
effect on an increase in the E; value due to the Burstein-Moss (BM) ef-
fect, which is caused by the filling the lowest states of the conduction
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band with free electrons, creating shift of the Fermi level [44]. It should
be noted that the Eg value in the reports of many authors does not exceed
3.8 eV. Eg slightly above 4 eV was observed in Ref. [34] for the Al-doped
ZnO samples deposited in vacuum and in Ref. [45] for the (Cu, K) doped
ZnO films fabricated by chemical bath deposition method. In our pre-
vious report [25], we found that the Eg value increases up to 4.6 eV for

the hydrogen-doped ZnO films synthesized under the same conditions as
CAZO and CZO. Considering the structural data of the hydrogenated ZO
[25], CZO, and CAZO samples and the Eg value for the CAZO1 film equal
to 4.1 eV, we are inclined to conclude that Eg for the studied films is
mainly controlled by the carrier concentration and grain boundary
scattering.
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41 (@) 1.0} (b) W samples, curves 1-5, respectively (H = 13 kOe,
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3.3. Magnetic circular dichroism

MCD spectra for all CAZO and CZO films are shown in Fig. 8, parts a
and c. The MCD spectrum shapes for CAZO1 and CZO1 samples are
identical (Insert in Fig. 8c). Herewith, the MCD signal is very low and
linear in the magnetic field (not shown). The hydrogen addition during
the deposition of the studied films leads to strong changes in the MCD
spectra (curves 2-5 in Fig. 8, parts a and c). For the hydrogenated CAZO
and CZO samples, the spectra shape and their changes with the increase
in the hydrogen concentration are also similar. This behavior indicates
the same electronic structure for the hydrogenated CAZO and CZO
samples. However, the MCD signal for the CAZO films is noticeably
higher than that for the CZO samples. The largest difference between
MCD signals in the spectral extremes is observed for CAZO3 and CZO3 -
of about 6 times.

Earlier, MCD was applied by several authors to study magnetization
of the diluted semiconductor films, e.g., for the hydrogenated Co-doped
ZnO films [6,13]. The MCD dependences on an external magnetic field
for the CAZO and CZO films are shown in Fig. 8, parts b and d, corre-
spondingly. The presented dependences are typical for ferromagnetic
films when they are magnetized in the direction perpendicular to the
plane of the film. Recall that due to the peculiarities of the MCD mea-
surement (the light beam propagates perpendicular to the film plane), it
is used to record the magnetization curve in the direction perpendicular
to the film plane, i.e., the z-direction. The magnitude of the M,
component for each value of the field H is determined by the competi-
tion between the energy of the magnetic moment interaction with the
magnetic field and the energy of the demagnetizing field Hq, which for

the described geometry is Hy = —4nM,. A film become magnetized to
saturation in magnetic field Hy = 4nM;, where M; is the saturation
magnetization.

MCD (H) curves for the CZ04 and CZO5 films are very close to this
ideal case. The coercivity for the CZO2-CZO5 samples (about 10-40 Oe,
Insert in Fig. 8d) is negligible, and we can call the magnetization curves
hysteresis-free, as noted in Ref. [46]. For other samples, the curves MCD
(H) are smoother, which may be due to different granular morphologies
of the films confirmed by the SEM data. Thus, the dependence of MCD on
the magnetic field confirms definitely the room temperature ferromag-
netic state for the studied films.

In our previous study [25], we considered formation of metallic Co
clusters as one of possible mechanisms responsible for the long-range
magnetic order in the CZ02-CZO5 samples. This assumption was sup-
ported by data of the X-ray absorption spectroscopy revealed the pres-
ence of metallic Co clusters in the samples. At the present paper, a
growth of the MCD signal at extremes with increasing the relative Co
content in the film is observed for both series (CAZO and CZO). This
behavior indicates an increase in the samples magnetization with
increasing the relative Co content in them and does not contradict this
model. However, the higher magnetization of CAZO comparing CZO
films with practically the same cobalt content in each pair of the samples
deposited at the same hydrogen concentration (Table 2) makes us think
of other mechanisms responsible for the ferromagnetic state of the films.

The films granular structure mentioned above may indicate a high
density of defects in these samples. Thus, we consider the model of the
bound magnetic polarons (BMP) in diluted n-type oxides suggested in
Ref. [47]. This model proposes that in these materials the indirect
ferromagnetic exchange between 3d electrons of the doped ions is
mediated by shallow donor electrons that form bound magnetic po-
larons, which overlap to create a spin-split impurity band. Obviously, a
certain specific density of defects is needed to induce long-range mag-
netic order. This density determines the Curie temperature. A further
increase in the density of defects should lead to the involvement of a
larger volume of the sample in an ordered state and thereby to an in-
crease in magnetization, which is observed when passing from the CZO
to CAZO films. The ferromagnetism of the Cu-doped, Mn-doped, and Co-
doped ZnO samples was explained within the BMP model in Refs.
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[48-50].

At the same time, some authors attributed an enhanced magnetism
induced by the Al introduction into the Co-doped ZnO films to carrier-
mediated exchange mechanism [7,9,10]. It should be noted that ferro-
magnetism of the doped ZnO thin films was also explained by a com-
bination of the BMP mechanism and carrier-mediated interaction of the
magnetic moments [51,52].

Now it is difficult to incline to one or another specific mechanism
that could explain unambiguous ferromagnetic behavior of the investi-
gated films. Clarification of the relationship between doped atoms and
intrinsic defects of the films requires further studies, as well as deter-
mination of the optimal conditions of the samples synthesis (hydrogen
concentration and substrate temperature) with the best properties for
real applications.

4. Conclusions

When synthesizing samples by RF-magnetron sputtering, the com-
bination of the high hydrogen concentration in the sputtering chamber
with the substrate temperature of 450 °C strongly affects the
morphology, crystal structure, chemical composition, optical, electrical,
and magnetic properties of the (Co + Al)-doped ZnO films. In contrast to
the (Co + Al)-doped ZnO films synthesized in the atmosphere of Ar + O,
the thickness of hydrogenated films is 3-9 times less depending on the
hydrogen concentration, and the Zn/Co ratio decreases up to ~1. In
additional, the relative Al content in the samples increases from 2% to
~10%. Such changes, which were also observed earlier in the case of Co-
doped ZnO films, are explained by the chemical reaction of hydrogen
with Zn in the growing films. As a result of the reaction, gaseous ZnHj is
formed, which is removed from the chamber together with the pumped
working gases.

The electric conductivity of the (Co + Al)-doped ZnO films synthe-
sized in the Ar + Hy atmosphere improves significantly comparing to the
films deposited in the Ar + O atmosphere. However, the electrical re-
sistivity of the films remains still higher than in most cases doped ZnO
samples. This behavior is explained by the dominance of grain boundary
scattering in the films. It was also shown that the optical band gap for the
studied samples has quite large values in the range of 4.1-4.3 eV. The Eg¢
values are mainly associated with carrier concentration and grain
boundary scattering. The optical transparency for the hydrogenated
films is about 50% in visible region.

Similar to the magnetic behavior of the Co-doped ZnO films syn-
thesized under the same conditions, the (Co + Al)-doped ZnO films
exhibit ferromagnetic almost hysteresis-free behavior at room temper-
ature. In additional, the magnetization value for the (Co + Al)-doped
ZnO films is several times higher than for the Co-doped ZnO samples. We
assume that the observed ferromagnetism of the films associated with
the defect-related mechanism. The results obtained give insight about
the structure and physical properties of diluted oxides, such as Co and
(Co + AD-doped ZnO films synthesized with RF magnetron sputtering at
very high hydrogen concentration and the substrate temperature, as
well as provide a guidance to create new materials for the spintronics
and spin-electron devices.
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