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A B S T R A C T

ZnO and Co-doped ZnO films were synthesized by the radio frequency magnetron sputtering in mixed atmo-
sphere of Ar+20% O2 and Ar+ 20–50% H2. The morphology, chemical composition, crystal structure, optical
transmission, electrical resistance, and magnetic circular dichroism of the films were investigated. It was es-
tablished that the films thickness decreased several times when Ar was partly replaced by hydrogen in the
sputtering chamber. At the same time, for the Co-doped ZnO films, the increase in the relative Co content with
the increasing hydrogen concentration was observed. These phenomena are explained by the formation of
gaseous ZnH2 because of the hydrogen reaction with the growing films under the conditions of the high substrate
temperature (450 °C) and, respectively, the decrease in the Zn component in the films. The hydrogenated Co-
doped ZnO films exhibit an increase in electric conductivity and ferromagnetic behavior at room temperature.
The magnetic nature of the films is explained by a combination of the intrinsic ferromagnetism (due to the
formation of the Co-H-Co complex) with the inclusion of metallic Co clusters.

1. Introduction

Diluted magnetic semiconductors (DMS) are currently at the focus
of attention of researchers and new technology developers due to their
extraordinary properties such as a combination of the semiconductor
conductivity type with ferromagnetism, high magneto-caloric effects,
optical properties depending on the magnetic state, large magnetore-
sistance, etc. In particular, they are promising materials for spintronic
devices [1–3]. Potentially, DMS are cost-effective alternatives to pro-
vide the up-scale front contacts for thin film solar cells [4]. ZnO films
doped with transition ions belong to this class of materials. Special
attention is paid to Co-doped ZnO films due to possible room tem-
perature ferromagnetism with a low content of cobalt in the samples.
However, it has been established that the appearance of ferro-
magnetism in such materials depends critically on the conditions of
fabrication and post-fabrication treatment of the samples. A detailed
review of different methods used for the fabrication of ZnO and Co-

doped ZnO films was presented in [5]. Pulsed laser deposition [6],
metal–organic chemical vapor deposition [7], molecular beam epitaxy
[8,9], and radio frequency (RF) magnetron sputtering [10–12] are
among the most commonly used methods of the films fabrication. Some
authors used sol–gel dip coating process [13]. Sol-gel methods were
also used to fabricate a Co-doped ZnO powder [14–16].

Many authors used hydrogenation as an effective method to im-
prove magnetic and transport properties of ZnO and Co-doped ZnO
samples. The first experiments on the effect of hydrogen on the ZnO
conductivity date back to the 1950-ties: hydrogen was introduced into a
ZnO single crystal under pressure at high temperature and caused an
increase in its conductivity [17]. The same method was used in Refs.
[14–16] in order to induce ferromagnetism in the Co-doped ZnO sam-
ples. The method of post-annealing in the hydrogen H2 gas atmosphere
was also used in [18,19]. The magnetic properties of Co (10%)-doped
ZnO nano-crystalline powder fabricated with the sol–gel method were
studied in Ref. [14]. An appearance of the room temperature
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ferromagnetism in the powder after its hydrogen plasma treatment was
shown. Such behavior was explained by the short-range spin ordering
due to the formation of a Co-H-Co complexes. The Co (15%)- and Co
(20%)-doped ZnO powders fabricated by the sol–gel methods were in-
vestigated in Ref. [15]. The samples also showed ferromagnetism at
room temperature after hydrogen injection performed by plasma
treatment with Ar-H2 mixed gas. For the Co (15%)-doped ZnO sample,
the enlarged magnetization was attributed to the contribution of Co-H-
Co spin units, while the ferromagnetism of the Co (20%)-doped ZnO
powder was explained by the contribution of both the Co-H-Co spin
units and metallic Co phase. It should be noted that, in the works
known to us, the hydrogen concentration in the mixed gas during
treatment of the samples was up to 15%.

Only several works are available in literature devoted to the Co-
doped ZnO films synthesized using the RF magnetron sputtering in an
Ar-H2 mixed gas environment [10,11]. The ZnO films with the cobalt
content of 5–10% were prepared at the hydrogen content in the sput-
tering chamber up to 5%. The deposited films demonstrated ferro-
magnetism almost up to the room temperature. These works gave im-
petus to the further development of the methodology of the films
magnetron sputtering in an atmosphere enriched with hydrogen, and
the study physical properties of the films prepared with this technology.

With the aim to enhance the magnetic response of the ZnO and Co-
doped ZnO films, we fabricated these samples by the RF magnetron
sputtering at higher hydrogen concentration in the sputtering chamber
(from 20 to 50%.) For comparison, the same films were prepared in
Ar+20% O2 atmosphere. The process parameters used led to un-
expected results. With the growth of H2 concentration in a chamber the
strong change in the Zn:Co ratio was revealed in the sample comparing
to that in the sputtered target. Such phenomenon (revealed here for the
first time) affect the physical properties of the films. In the paper, we
present a detailed study of the morphology, crystal structure, chemical
composition, magnetic, optical and electrical properties of the ZnO and
Co-doped ZnO films in relation to the H2 concentration during the de-
position process.

2. Material and methods

2.1. Samples synthesis

The films were grown on a glass substrate by the standard RF
magnetron sputtering system using the two inches ZnO (ZO) and
Zn0.95Co0.05O (CZO) targets. The targets were synthesized from the high
purity ZnO (99.999%) powder or the ZnO (99.999%) and Co3O4

(99.9985%) powders by a solid state reaction process with several in-
termediate grindings. The ZO and CZO targets were calcined at 1300 °C
for 12 h in atmosphere of flowing oxygen and 860 °C for 12 h in at-
mosphere of flowing argon gas. The films were deposited at a total
pressure of 30 mTorr and a forward RF power of 80W at the substrate
temperature 450 °C for 20min. Five samples of each composition were
prepared with the following mixed gas in the chamber: Ar+ 20% O2,
Ar+(20%, 30%, 40%, 50%) H2, samples ZO1, ZO2, ZO3, ZO4, ZO5, and
CZO1, CZO2, CZO3, CZO4, CZO5, respectively.

2.2. Methods

The films morphology was determined using the high-resolution
transmission electron microscope (HRTEM) JEOL JEM-2100 (LaB6)
with the accelerating voltage 200 kV, equipped with the energy dis-
persive X-ray spectrometer Oxford Inca x-sight, and a complex for
sample preparation including focused ion beam (FIB). Selected-area
electron diffraction (SAED) and the grazing incidence angle X-ray dif-
fraction (GIXRD) were used to determine the crystal structure of the
films. The films composition was examined with X-ray fluorescent
analysis (XRFA) using a spectrometer S4 PIONEER (Bruker). For two
samples, CZO2 and CZO3, the XANES (X-ray absorption near edge

structure) spectra were measured at the Co K- absorption edge
(7709 eV). Measurements were performed at the European Synchrotron
Radiation Facility (ESRF), the ID12 beamline, using total fluorescence
yield detection mode in back-scattering geometry [20].

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

The magnetic properties of the samples were studied by magnetic
circular dichroism (MCD) at the optical frequencies. MCD, on the one
hand, provides information on electronic transitions from the ground to
the excited states of magnetic ions. On the other hand, MCD reflects the
magnetic behavior of the sample, since this effect is linear in the
magnetic field. MCD was measured in the normal geometry: the mag-
netic vector and the light beam were directed normal to the films plane.
The modulation of the polarization state of the light wave from the
right-hand to the left-hand circular polarization relatively to the mag-
netic field direction was used. The MCD value was measured by the
formula Δk=(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.
Measurements 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 measure-
ment accuracy was about 10−4, and the spectral resolution was
20–50 cm−1 depending on the wavelength.

3. Results

3.1. Morphology, structure, and chemical composition

XRFA data for both series of the films are collected in Tables 1 and
2. The thickness of the ZO1 and CZO1 films is large enough (~160 nm)
and practically the same for both samples. The composition of the CZO1
film corresponds to the target composition. The substitution of oxygen
for hydrogen in the sputtering chamber leads to the dramatic change of
the film characteristics. The film thickness decreases almost by an order
of magnitude for the ZO2 film and more than twice for the CZO2 film
compared to the ZO1 and CZO1 samples, respectively. A further in-
crease in the hydrogen concentration in the sputtering chamber causes
a smoother decrease in the film thickness up to 14 nm for the ZO5 film
and 31.6 nm for the CZO5 film. The thickness decrease in the CZO series
is accompanied by increase in the Co content relative to the Zn content
in the films from 0.05 for CZO1 to 0.39 for CZO5. Examples of the cross-
sections HRTEM image for the samples from the ZO and CZO series are
shown in Figs. 1a and 2. A comparison of Figs. 1a and 2 confirms the
abrupt decrease in the film thickness at the transition from Ar+20%
O2 atmosphere (Fig. 1a) to Ar+ 30% H2 and Ar+ 50% H2 (Fig. 2).
Some discrepancy in the thickness of the ZO and CZO films is seen
between the results obtained with XRFA and HRTEM. This is because
the FIB technique of the sample preparation can destroy a part of the
surface, making the film thinner. Nevertheless, the XRFA and HRTEM
data correlate well.

SAED patterns for the ZO1 film (Fig. 1b) demonstrate an almost
ideal wurtzite crystal structure of the samples. For the CZO films, the
GIXRD patterns are presented in Fig. 3. The diffraction peaks, as well,
correspond to the ZnO lattice with a hexagonal wurtzite crystal struc-
ture P63mc. The most intense diffraction peaks observed in Figs. 1b and

Table 1
The XRFA and resistivity data for the ZnO films.

Sample Film thickness, nm Resistivity, Ohm*m

ZO1 167 Over 25
ZO2 20.5 Over 3.2
ZO3 16.5 Over 2.3
ZO4 15.5 Over 2.3
ZO5 14 Over 2.3
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3 correspond to (1 0 0), (0 0 2), and (1 0 1) planes of ZnO and indicate
the polycrystalline structure of the films. It should be noted that, when
O2 is replaced by H2 in the sputtering chamber, all the peak intensity
decreases sharply, and the peak intensity in the region 2θ from 30 to 37
degrees redistributes (Fig. 3). Such a behavior indicates the decrease in
the crystallite size in the samples and a change in their preferable or-
ientations with the increasing hydrogen concentration. Thus, the

introduction of hydrogen into the sputtering chamber does not only
reduce the amount of the deposited ZnO, but it also affects the film
crystal structure. Taking into account the increase in the relative Co
content in the CZO samples with the increase in the H2 concentration
(Table 2), one could expect the formation of secondary Co phases.
However, no other crystal phases associated with Co are observed in the
GIXRD patterns.

To get an insight on the electronic configuration of Co in the sam-
ples, we used the XANES spectroscopy at the Co K-edge. This technique
is known to be an element-selective and highly sensitive tool to study
local electronic structure of absorbing atoms. The experimental XANES
spectra for two Co-doped ZnO samples together with the reference
XANES spectra for metallic Co and Co2+ in ZnO [3,21] are shown in
Fig. 4. As one can see from Fig. 4, the XANES spectra for both films
indicate a mixed state of Co in the samples.

We tried to estimate the amount of Co2+ and metallic Co in these
samples. The experimental XANES spectra were compared with the
weighted sums of the reference XANES spectra of the metallic Co and
Co2+ in ZnO [3,21]. The results of this comparison are shown in Fig. 5.
A very good agreement was found with 40% of cobalt in the metallic
state and 60% of Co2+ ions for the CZO2 sample, and 60% of metallic
cobalt and only 40% of Co2+ ions for the CZO3 film. These results
unambiguously confirm the presence of metallic Co clusters in both
films. At the same time, the amount of metallic Co clusters increases by
50% at the transition from the CZO2 sample to the CZO3 one, that is,
with the increase in the hydrogen concentration during the deposition
process of the films.

3.2. Optical, electrical and magneto-optical properties

Changes in the morphology and chemical composition of the films
caused by the hydrogen addition into the sputtering chamber are ac-
companied by changes in their physical properties. The optical trans-
mittance spectra for all the samples are presented in Fig. 6. All ZO and
CZO1 films have about 90% transparency in the visible region, while in
the hydrogenated CZO films the transparency is lower and decreases
from 55 to 35% with increasing H2. Besides, at the transition from
Ar+O2 to Ar+H2 atmosphere the absorption edge of the films shifts
to the higher energy region.

The optical absorption (α) spectra and the band gap (Eg) for the
studied films were calculated from the transmittance spectra in the
strong absorption region, where reflection can be neglected. Using the
Beer-Lambert law (1), and then the Tauc model (2), Eg was estimated by
assuming a direct transition between the valence and conduction bands.
For the samples deposited in Ar+O2 atmosphere, Eg was found to be
≈ 3.3 eV that is close to 3.31 eV for bulk ZnO [22] and 3.26 eV for ZnO

Table 2
The XRFA and resistivity data for the Сo-doped ZnO films. Cox is the relative Co
content in the film.

Sample Cox Film thickness, nm Resistivity, Ohm*m

CZO1 0.052 159.9 Over 22.7
CZO2 0.234 71.7 11.8*10−4

CZO3 0.279 53.5 63.5*10−5

CZO4 0.346 37 15.9*10−5

CZO5 0.390 31.6 14.5*10−5

Fig. 1. Cross-section HRTEM image (a) and SAED pattern (b) for the ZO1
sample.

Fig. 2. Cross-section HRTEM images for the CZO3 (a) and CZO5 (b) samples.

Fig. 3. GIXRD patterns for the CZO samples.

Fig. 4. Experimental XANES spectra at the Co K-edge for the Co-doped ZnO
samples together with the reference XANES spectra of metallic Co and Co2+ in
ZnO taken from Ref. [21].
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micro-rods [23]. For the hydrogenated ZO and CZO samples, Eg ≈
4.6 eV and 4.5 eV, respectively. Inside each ZO and CZO series Eg
changes insignificantly when the H2 concentration changes in the
sputtering chamber. Thus, the high hydrogenation of the ZO and CZO
films leads to an increase in the band gap in the samples.

=α d ln T(1/ )* (1/ ) (1)

where d and T are the film thickness and transmittance value, respec-
tively.

= −αhν A hν E( ) ( )g
2 (2)

where hν is the energy of the incident photon, and A is the energy-
independent constant.

Ordinarily, materials with a band gap width more than 4 eV are
referred to as dielectrics. However, the electrical resistivity of the
CZO2-CZO5 films indicates their semiconductor nature. As it is seen
from Tables 1 and 2, the electric resistivity is higher than 2.3 Ohm*m
for all the ZO samples and for the CZO sample deposited in Ar+O2

atmosphere, which is typical for dielectrics. Herewith, the resistivity
value decreases by 4–5 orders for the CZO films deposited in Ar+H2

atmosphere and depends on the hydrogen concentration. Such a be-
havior reflects an enhancement in the electrical conductivity of the
films with the increasing H2 concentration.

MCD spectra for ZO2, ZO5 and all CZO films are shown in
Fig. 7 and 8a, respectively. For the ZO1 sample, there was no MCD
signal within the accuracy of the experiment. Such a behavior is con-
sistent with the MCD data presented for the ZnO in Ref. [24]. For the
ZO2-ZO5 films, the MCD spectra represent a wide negative peak cen-
tered near the ZnO band edge. The intensity of this peak grows with the
increase in the hydrogen concentration during the deposition process of
the films (example in Fig. 7). The MCD value in this region is ap-
proximately linear on the magnetic field up to highest magnetic field

used, 13 kOe (not shown). Too high noise does not allow one to judge
about the low energy part of the spectra.

For the CZO1 film, the extremely weak feature of the s-shape near
2 eV, as well as a very weak but wide positive peak centered at 3.4 eV
are seen (Insert in Fig. 8a). Similar to the ZO samples, the MCD value
for this film near 3.4 eV is linear on the magnetic field (not shown).
Note that the MCD dependence on magnetic field for the CZO1 sample
is the same in the whole investigated spectral range. The hydrogen
addition during the deposition of the CZO films leads to strong changes
in the MCD spectra, namely the intense signals of different signs appear
(curve 2 in Fig. 8a). The further increase in the H2 concentration causes
a rearrangement of the MCD spectrum for the CZO3-CZO5 films (curves
3–5 in Fig. 8a).

Fig. 5. Comparison of the experimental XANES spectra at the Co K-edge for the CZO2 (a) and CZO3 (b) samples with the weighted sums of the reference spectra of
metallic Co and Co2+ in ZnO.

Fig. 6. Optical transmittance (T) spectra for the ZO (a) and CZO (b) films. Insert: dT/dE in the region 1.7–2.5 eV for the CZO films.

Fig. 7. MCD spectra for the ZO2 and ZO5 films at T= 300 K in the magnetic
field H=13 kOe.
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For all the CZO2-CZO5 films, the MCD dependence on external
magnetic field is described by a hysteresis loop as it is seen from Fig. 8b.
Herewith, the hysteresis loops for the CZO4 and CZO5 samples are more
rectangular with the saturation field (Hs) near 5 kOe. The coactivity for
the CZO2-CZO5 samples is about 10–40 Oe (Insert in Fig. 8b). The field
MCD dependence is the same in the whole investigated spectral range.

4. Discussion

An extremely strong effect of hydrogen on the morphology, com-
position, and structure of the samples can be explained by the fact that
H2 reacts with the ZnO and Co-doped ZnO layers formed on the glass
substrate heated to 450 0C. Earlier, it was thought, that Zn did not react
with H2. However, since 1987 studies appeared indicating the possi-
bility of this reaction resulting in the fabrication of ZnH2 both in the
solid [25,26] and gaseous state [27]. Shayesteh with co-authors syn-
thesized gaseous ZnH2 [27], they placed a zinc rod into an alumina tube
and heated it to 470 0C. Pure hydrogen floated slowly through the tube,
the DC discharge (3 kV, 333mA) was applied between two electrodes
located inside the water-cooled ends of the alumina tube. The ZnH2 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 0C and H2 migrating between the target
and substrate) are close to those used in Ref. [27]. Therefore, the re-
action (3) with the formation of gaseous ZnH2 seems to be possible.
Such a reaction can explain the decrease in the film thickness and re-
distribution of Co and Zn contents in the samples.

+ → +ZnO H ZnH H O2 2 2 2 (3)

The MCD spectrum for the CZO1 sample is similar to that for the Co-
doped ZnO materials with the low Co content observed by other authors
[24,28–33]. The MCD spectrum for the CZO1 sample is particularly
close to the room temperature MCD spectrum for the Co (9.3%) – doped
ZnO film grown on a glass substrate by magnetron sputtering in Ar
atmosphere [33]. The authors of the cited articles assigned the MCD
features near 2 eV (namely 1.8, 2, and 2.2 eV) to the d-d transitions of
the Co2+ ions in the Td symmetry sites. Similar features were observed
both in the optical and magneto-optical spectra, and it was indicated
that the Co ions substituted Zn in the wurtzite ZnO lattice
[28–31,34,35]. The features near 2 eV were also observed in the optical
transmittance spectra for all the CZO films. The weak peaks are well
visible in the transmittance derivative dT/dE spectra (Insert in Fig. 6b).
At first sight, the decrease in the intensity of the dT/dE peaks for the
samples deposited at the 30–50% H2 concentration seems to be strange,
taking into account the increasing relative Co content in the films.
However, it should be remembered that the relative Co content only
increases due to the decrease in the Zn content. On the other hand, the
possible changes in the Co valence state and structural disorder of the

film can reduce the contribution of the d-d transitions in Co2+ ions into
optical transmission spectrum. The feature of the MCD spectrum near
3.5 eV was assigned to the ZnO band edge [26,30,32]. It should be
noted that in all the specified works the MCD signal in the Co-doped
ZnO samples demonstrated the linear dependence on the external
magnetic field.

The MCD spectrum for the CZO2 sample is in good agreement with
that for the Co-doped ZnO films (with 19% and 20% of Co) grown on
sapphire (0 0 1) substrates by magnetron sputtering in Ar atmosphere
[35]. The strong positive peak in the region 3.5–3.9 eV shifting to lower
energy with an increase in the relative Co content, the strong negative
peaks near 1.5 and 2.6 eV, and the small fluctuations near 2 eV ob-
served in our case coincide practically with the analogous features
presented in Ref. [35]. Herewith, the field MCD dependences for the
Co-doped ZnO films (with 19% and 20% of Co) exhibited clear ferro-
magnetic behavior. Such a behavior was explained by the presence of
Co clusters in the samples.

As it was mentioned in the introduction, various research groups
observed noticeable improvement of the magnetic properties of Co-
doped ZnO samples by the addition of H2 in both the production and
the treatment processes. This behavior was explained by either spin–-
spin interaction induced by hydrogen mediation (due to the formation
of the Co-H-Co complex), for example, Refs. [12,15], or H-induced
formation of cobalt oxide phases and their subsequent reduction to
metallic Co clusters [10,15,34]. The formation of Co oxides in the
fabrication process of Co (10%) – doped ZnO powders was considered
in Ref. [36] in more detail. In the specified work the precise conditions
required to fabricate samples with the intrinsic ferromagnetism and the
ferromagnetism caused by the existence of secondary Co oxide phases
were identified. The authors confirmed that the treatment temperature
above 300 K lead to a greater amount of Co3O4 in the Co-doped ZnO
powder without visible ferromagnetism. Further hydrogen treatment of
the samples by hot isostatic pressing transformed Co3O4 into metallic
Co clusters, which directly contributed to ferromagnetism. Some au-
thors reported on formation of metal clusters in the ZnO films doped
with other transition metals, such as nickel [37].

Comparing the results obtained in the present study with the results
available in literature and analysis data of the XANES spectra (Fig. 5),
we can state in the investigated films a complex nature of magnetism
assuming a combination of the intrinsic ferromagnetism (due to the
formation of the Co-H-Co complex) with the ferromagnetic inclusions,
namely metallic Co clusters. Taking into account the relatively high Co
content in the CZO2-CZO5 films, one can assume that the MCD signal is
conditioned, at least partly, by the presence of Co clusters in the sam-
ples. Such clusters in the CZO2-CZO5 films could arise under the
sputtering conditions used (Ar+H2 atmosphere and substrate tem-
perature of 450 0C) in accordance with reaction (4).

Fig. 8. a – MCD spectra for the CZO1-CZO5 samples, curves 1–5, respectively. H=13 kOe, T=300 K. Insert: the magnified MCD spectrum for CZO1; b – MCD
hysteresis loops for the CZO2-CZO5 samples. E=1.55 eV, T= 300 K. Insert: low field parts of the MCD hysteresis loops for the CZO4 and CZO5 samples.
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+ → +Co O H Co H O4 3 43 4 2 2 (4)

Besides, the MCD spectra and MCD field dependencies for the CZO2-
CZO5 films under study can be compared with those for Co particles
ion-synthesized in the amorphous matrix of silicon dioxide [38,39]. The
changes in the magnetic response of such samples were traced at room
temperature with an increase in the Co particles size as successive
transitions of the paramagnetic-superparamagnetic-ferromagnetic state.
A rearrangement of the MCD spectrum with the particle size increase
was observed in the range of 1.5–3.0 eV, namely a shift of the spectral
weight to low-energy region and the MCD signal increase (Fig. 3b in
Ref. [39]). The MCD spectral behavior observed for CZO2-CZO5 films in
the range of 1.2–3.0 eV is close to the MCD behavior of the Co im-
planted samples mentioned above.

5. Conclusions

ZnO and Co-doped ZnO films were synthesized by the RF magnetron
sputtering of ZnO and Zn0.95Co0.05O targets in mixed Ar+ 20% O2 and
Ar+20–50% H2 atmosphere onto glass substrates heated to 450 °C. It
is established that, in the case of the ZnO films, the presence of hy-
drogen in the sputtering chamber strongly affects the morphology,
crystal structure, and optical properties of the samples. The films
thickness decreases when oxygen is replaced by hydrogen in the sput-
tering chamber and continues to decrease as the hydrogen concentra-
tion increases. In addition, with the increasing hydrogen, the crystallite
size in the samples decreases and their orientations become random.
The fundamental absorption edge shifts to the high-energy region, the
width of the optical band gap increases and becomes equal to 4.6 eV.
The value of the optical transparency does not change meanwhile and is
equal 90%. The MCD data indicate the paramagnetic state of all the
ZnO films with the electric resistivity over 2.3 Ohm*m.

In the case of the Co-doped ZnO films, the presence of hydrogen in
the sputtering chamber strongly affects not only the morphology,
crystal structure, and optical properties of the samples, similarly to the
ZnO films, but also their chemical composition, electric resistivity
value, and magnetic properties. The relative Co content increases from
5% in the film deposited in Ar+20% O2 atmosphere to 39% in the film
deposited in Ar+50% H2 atmosphere. Thus, the decrease in the total
thickness of the films is due to the decrease in the Zn content. The
electric conductivity of the films increases with the increasing H2

concentration. Unlike the Co-doped ZnO films synthesized in atmo-
sphere Ar+O2, the hydrogenated Co-doped ZnO films exhibit ferro-
magnetic behavior at room temperature. However, the optical trans-
parency of the samples decreases from 80 to 35%.

We suppose that a combination of the high hydrogen concentration
in the sputtering chamber and high temperature of the substrate pro-
vides conditions for a chemical reaction of H2 with the growing ZnO
film. As a result of this reaction, gaseous ZnH2 and water are formed
and the Zn content in the films decreases. The reaction intensity in-
creases with the increasing H2 concentration in the sputtering chamber
that leads to further reduction of the Zn content in the films. Since X-ray
absorption spectroscopy unambiguously revealed the presence of me-
tallic Co clusters in the samples, we considered the formation of me-
tallic Co clusters as one of possible mechanisms of the ferromagnetic
behavior of CZO2-CZO5 samples. The clusters are the products of the
formation of Co3O4 and then its reduction to the metallic state. Thus,
the hydrogen concentration and substrate temperature turned out to be
critical for the growth processes of the ZnO and Co-doped ZnO films.
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