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characterization of Co and Ga2O3-
codoped ZnS and ZnSe bulk ceramics

Yong Pan, Li Wang,* ShuFeng Li, DongWen Gao and XiaoWei Han

The bulk ceramics (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 (x ¼ 0.1, 0.3 and 0.5) were fabricated via a solid state

reaction in a high temperature pipe boiler at temperatures ranging from 1000 to 1400 �C. The structure,

optical, valence and morphological properties were determined by XRD, XPS, Raman spectroscopy, SEM,

UV-vis spectroscopy and IR absorption spectroscopy. The impressive effect of the sintering temperature

on the doping elements was investigated, and the optimum sintering temperature in the range 1000–

1200 �C was revealed, by analysis of the mass loss, molar ratio and shrinkage rate of

(Co)x(Ga2O3)0.6�x(ZnS/Se)0.4. The zinc-blende structure of the bulk ceramic, and optimum doping ratio

of (Co)0.5(Ga2O3)0.1(ZnS/Se)0.4, was confirmed by XRD and Raman spectroscopy. A broad and continuous

absorption band from visible to infrared wavelengths was demonstrated for (Co)0.5(Ga2O3)0.1(ZnS/Se)0.4.

The +2 and +3 valences of Co and Ga in the materials was proved by XPS. The surface morphology of

the films was visualised by SEM and exhibited excellence when sintering temperatures were in the range

1000–1200 �C. The bulk ceramics (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 show a promising potential for future

applications.
1. Introduction

Group II–VI and III–V transition metal (TM) doped chalco-
genide materials, especially ZnS and ZnSe crystals, have
received extensive attention over the years because of their
faster optical response time, wider transparency range in the
mid-infrared, low optical loss, low phonon energy, high linear
or nonlinear refractive index, good chemical stability and
unique photosensitive properties, which are widely used in
sensors, optical thin lms and absorption in the mid-infrared
region.1–8 Co has abundant absorption and emission energy
levels and ferromagnetism, which makes it attractive among
other transition metals. In addition, the semiconductor oxide
Ga2O3 has a large energy gap of 4.9 eV for its direct band-gap,
which is very suitable for emission, or to stimulate the spec-
trum of ultraviolet, visible and near infrared. Therefore, many
researchers are focused on the preparation and relevant prop-
erties of these materials such as Co doped in ZnS,9–11 Ga doped
in ZnSe,12–14 Co–Ga co-doped in ZnO,15 Co–Fe co-doped in ZnS/
Se,16 Ga–Mn co-doped in ZnO,17 and the diluted magnetic
semiconductors ZnCoO.18,19 But, most of the previous work was
concerned with thin lms, crystals, quantum dots, nano-wires
or nano-particles, and less so with the bulk material. There
are still many unsolved problems with these materials, such as
the quality of raw material, the growth conditions and the
impact of the dopant. In fact, bulk ceramics are also valuable
ty of Technology, Beijing, 100124, China.
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34
materials for research, to understand the relationship between
the bulk and thin lms or other nano-materials. Furthermore,
the effect of the different performance of the bulk and the
optimization strategies should be discussed. Recently, various
techniques have been used to prepare lms such as pulsed laser
deposition (PLD),20 molecular beam epitaxy (MBE),21 and metal
organic chemical vapor deposition (MOCVD).22 In short, it is
important to fabricate high quality rawmaterials and thin lms.

In this paper, a material with Co–Ga2O3 co-doped in bulk
ceramic ZnS/Se, (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 (x ¼ 0.1, 0.3 and
0.5) is reported for the rst time; the material was prepared via
a solid state reaction in a high temperature pipe boiler. The
inuence of the temperature on the preparation, structure and
spectral characteristics was investigated for the (Co)x(Ga2-
O3)0.6�x(ZnS/Se)0.4 bulk ceramic. The main motivations of our
paper can be summarized in two points: investigating the
relationship between the preparation of target or bulk ceramics
and the future characteristics of the lm, and acquiring the
optimum preparation methods to achieve excellent doping in
the material. Our research will be an important reference for
related research areas.
2. Experimental

The (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 bulk ceramics were prepared
via a solid state reaction in a high temperature pipe boiler. The
raw ceramic bulk ZnS (99.99%), Co (99.99%) and Ga2O3

(99.999%) powders were weighed using an electronic balance
according to the stoichiometric values. The powder was
This journal is © The Royal Society of Chemistry 2017
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manually ground for about 2 h in an agate mortar, and
mechanically ball-milled for about 6 h three times, with respect
to the degree of their mixed and granular size. The mixed
powder was pressed in a F20 mm cylindrical mould under
10 MPa pressure for 15 min and then the preparation of the
cylindrical bulk material was complete. The bulk was put in
a tube furnace at 800–1400 �C for 6–10 h. The process described
above was used to make all six stoichiometric (Co)x(Ga2O3)0.6-
�x(ZnS/Se)0.4 materials. Also, an Ar atmosphere was pumped
into the high temperature pipe boiler, eliminating the effect of
oxygen in sintering.

The mass loss and size shrinkage rate of the bulk materials
were recorded before and aer sintering, and the relationship
between the sintering temperature, mass loss and size
shrinkage rate was calculated. The change of constituents in the
bulk materials was measured by an X-ray uorescence spec-
trometer (PANalytical Magix PW2403). The structures of the
(Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 bulk ceramics were analyzed by
XRD (BRUKER D8 ADVANCE), and Raman spectroscopy (Horiba
Jobin Yvon T6400 spectrograph) at an excitation wavelength of
325 nm. The optical properties of the bulk ceramics were
examined by UV-vis and near-infrared absorption spectroscopy
using a U-4100 spectrometer. The valence state of Co and Ga
was tested by XPS (X-ray photoelectron spectroscopy using
Escalab 250 Thermo). The surface morphology of the thin lm
was imaged by SEM (JEOLJSM 6500F).
3. Results and discussion
3.1. The effect of sintering temperature

The mass loss rate of the (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 ceramic
bulk depends on the sintering temperature, ranging from
800 �C to 1400 �C, as shown in Fig. 1. The quality of the material
changed to some extent before and aer sintering. The raw
material powder became the target ceramic by a process of
weighing, grinding, ball-milling, pressing and sintering. The
mass loss rate is calculated by the following formula:
Fig. 1 The mass loss rate dependence on the sintering temperature.

This journal is © The Royal Society of Chemistry 2017
hm ¼ M1

M2

� 100% (1)

where hm is the mass loss rate of the sample, andM1 andM2 are
the mass of sample before and aer sintering, respectively.
Research on the mass loss rate was employed to investigate the
change in the constituents of the materials. Four sintering
temperatures, 800, 1000, 1200 and 1400 �C, are used in this
paper to investigate the relationship between the mass and
temperature. In Fig. 1, the overall trend of the six different
stoichiometric (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 bulk ceramics
shows an increase in the mass loss rate when the temperature
rises. It is a fact that all of the materials with ZnS, rather than
ZnSe, have sharply improved aer 1200 �C, which illustrates
that the loss rate increased especially in the bulks with ZnS.
Whereas Ga is not stable enough to restrain the formation of the
Ga–O bond. ZnS has a higher loss rate than ZnSe because ZnS is
more likely to produce sulde (SO2, SO3) at high temperatures.
Another reason for the enhancement of the ZnS loss rate is that
the absorption properties of the two doped elements in ZnS are
weaker than in ZnSe. What’s more, the loss rate of the three
stoichiometric ZnSe ceramics being lower than that of the ZnS
ceramics also indicates that ZnSe has better absorption proper-
ties for the two kinds of doped-elements, a completely solid
reaction and stable bonds. In summary, the mass loss rate of the
ceramic bulks reached amaximum at 1400 �C and aminimum at
800 �C, rising slightly in the range of 1000–1200 �C. Themass loss
rate of the three stoichiometric ZnSe ceramics was relatively
stable in the range of 800–1200 �C, increasing by 0.5 percent.

The relationship between sintering temperature and molar
ratio of the (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 ceramic bulks is shown
in Fig. 2. The variation of the ratio between the components in
the material is obtained from the graph, which shows ZnS/Se,
ZnCoGa2O4, Co and Ga2O3. In general, the molar ratio of ZnS
decreases, while the molar ratio of Ga2O3 increases. Co and
ZnCoGa2O4 exhibit a trend of decline with the reduction of Co
content and rise of Ga2O3 content, conrming the rule and
analysis of Fig. 1. From Fig. 2(a), the molar ratio of ZnS is quite
a bit higher than the Co content and the molar ratio of Co is
reduced by about 30%. This demonstrates that Co has been
doped into ZnS and obtained a better absorbing power in the
chalcogenide. What’s more, the content of each component is
stabilized in the range 800–1200 �C, when the stoichiometric
ratio has a higher doping of Co and lower doping of Ga2O3,
namely (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4. From Fig. 2(b) we nd that
the content of Ga2O3 has elevated dramatically and that of ZnS
has decreased to a nearly normal mixing ratio, which explains
the absorption efficiency of Co dropping with the rise of the
doping content of Ga2O3. The content of each component
remains stable in the range 1000–1200 �C. Fig. 2(c) shows that
the molar ratio of Co is relatively low because of the higher
absorption and lower doping concentration of Co ions in the
(Co)0.5(Ga2O3)0.1(ZnS/Se)0.4 ceramic. In addition, the content of
ZnCoGa2O4 is reduced by the change in Co concentration. An
important effect with the change of Ga content in our materials
was also conrmed by this result. The content of each compo-
nent remains stable in the range 1000–1200 �C.
RSC Adv., 2017, 7, 50928–50934 | 50929
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Fig. 2 The relationship between the sintering temperature and molar ratio of (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4. (a), (b) and (c) show the content and
proportion of each component in (Co)x(Ga2O3)0.6�x(ZnS)0.4. (d), (e) and (f) show the content and proportion of each component in (Co)x(Ga2-
O3)0.6�x(ZnSe)0.4. The dotted lines in the figure represent the normal mixing ratio.
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Fig. 2(d) shows a high molar ratio of ZnSe when the stoi-
chiometric ratio has a higher doping of Co and lower doping of
Ga2O3 and (Co)0.5(Ga2O3)0.1(ZnS/Se)0.4. This situation indicates
that ZnSe has a higher absorption than ZnS in terms of the Co
element in the chalcogenide, which is reected by the fact that
the content of each component remains stable in the range 800–
1000 �C. The trend, similar to that of ZnS above, is shown in
Fig. 2(e), but the rate and range of the descent of the molar ratio
of ZnSe are higher than ZnS in the same conditions and stoi-
chiometry. This fact proves that the absorption properties of
ZnSe are higher than those of ZnS in terms of doping ions.
Besides, the increased stability also is reected by the graph in
the range 800–1000 �C. Fig. 2(f) shows a similar law to that of
ZnS, and the content of each component remains stable in the
range 1000–1200 �C.

In summary, all of the samples have a minimum content of
ZnCoGa2O4 at 1200 �C and the best performance in the range
800–1200 �C. Furthermore, all of the samples have the lowest
loss rate at 800 �C according to Fig. 1, but each of the stoichi-
ometries has the highest content of ZnCoGa2O4 at 800 �C.
Therefore, we conclude that the optimum sintering tempera-
ture range for this material is 1000–1200 �C. The absorption rate
of Co ions for ZnSe is higher than that for ZnS. The best doping
proportion is x ¼ 0.5.

The relevance of the sintering temperature and shrinkage
rate of the (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 ceramic bulk is shown in
Fig. 3. The shrinkage rate is calculated by the difference in the
diameter of the sample before and aer sintering. The loss rate
50930 | RSC Adv., 2017, 7, 50928–50934
can be affected by a change of the molar ratio in a material. The
change in the loss rate can directly lead to deformation of the
material, which may further result in a transformation of the
structure, stress and density of (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4.
Therefore, practical signicance was endowed upon the inves-
tigation of the relationship between the sintering temperature
and shrinkage rate. Meanwhile, investigations can also be used
to verify the range of the optimum sintering temperature in
(Co)x(Ga2O3)0.6�x(ZnS/Se)0.4. As the experiment used a 20.0 mm
Fig. 3 The shrinkage rate with different sintering temperatures.

This journal is © The Royal Society of Chemistry 2017
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cylindrical mould in the preparation, the diameter of all
samples can be regarded as 20.0 mm before sintering. Fig. 3
shows that all six materials show the same trend that increases
aer an initial decrease. But, in general, the shrinkage rate of
ZnSe is higher than that of ZnS, which conforms with the
relationship between the sintering temperature and molar
ratio, and further explains the reason why the absorptivity of
ZnSe is higher than that of ZnS. All of the samples have the
lowest shrinkage rate in the range 1000–1200 �C, which directly
proved the conclusions above. It is concluded that the
shrinkage of the material is smallest in the range 1000–1200 �C.
3.2. The analysis of structure

The XRD patterns of the (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 ceramic
bulks sintered at 1200 �C are shown in Fig. 4. The acquired
patterns were compared with standard library cards in the
JCPDS database, including ZnS (JCPDS 65-9583), ZnSe (JCPDS
37-1463), a-Co (JCPDS 89-4307) and Ga2O3 (JCPDS 43-1012). The
result demonstrates that all of the samples are cubic phase and
there is no single phase of Co, Ga2O3 with Co high-doped and
Ga2O3 low-doped in (Co)0.5(Ga2O3)0.1(ZnS/Se)0.4, which suggests
that multi-phase materials didn’t exist in the initial state of the
powder. Furthermore, a more complete solid phase reaction is
found under the condition of a (Co)0.5(Ga2O3)0.1(ZnS/Se)0.4
doping ratio.

ZnCoGa2O4 was found in the XRD pattern of the
(Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 ceramic bulks as the content of
Ga2O3 increased and Co decreased. This is a result of a more
fully solid-phase reaction in the powders of Co, Ga2O3 and ZnS
with the rise of Ga2O3 in high sintering temperature conditions.
Oxygen replaced sulphur in the reaction, but elemental sulphur
didn’t appear in the XRD pattern, which suggests that sulphur
still existed in the ZnS (similar to ZnSe). Most importantly, the
replacement didn’t destroy structure of the ZnS and ZnSe.
Besides, the diffraction peaks of Ga2O3 were found in the XRD
pattern with the rise of Ga2O3 content, which illustrates that the
absorptivity of ZnS/Se for Ga2O3 is limited. The fact has a certain
Fig. 4 XRD patterns of the (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 ceramic bulks.

This journal is © The Royal Society of Chemistry 2017
relationship with the stability of Ga2O3.23 It is inevitable that the
material is formed via solid-phase sintering.24,25 In conclusion,
the XRD patterns of ZnSe show that it has better structural
properties than ZnS due to the absorptivity and doping effi-
ciency. Higher doping of Co and lower doping of Ga2O3 (namely
x ¼ 0.5) are regarded as the best doping proportions.

The Raman spectra of the (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4
ceramic bulks sintered at 1200 �C are shown in Fig. 5. There is
no phonon signal corresponding to wurtzite of ZnS or ZnSe.26

The Raman peaks of ZnS at 312.5 and 197.6 cm�1, and ZnSe at
236.6 and 176.4 cm�1 in the spectra can be explained by the LO
and TO phonon modes.27,28 The vibrations of the Ga2O3 struc-
ture are shown by the peak at 336.1 cm�1,29 and the peaks at
414.8, 653.7 and 762.4 cm�1 are the vibrations of the Ga–O, Zn–
O and Ga–O bonds.30,31 But, the Raman peak at 336.1 cm�1

doesn’t exist in ZnSe with the same stoichiometry. The peaks in
the Raman spectra at 464.7, 652.3 and 860.7 cm�1 for ZnSe can
be attributed to Ga–O, Zn–O and Ga–O bonds.31,32 Although the
two kinds of materials are relatively similar in their structure,
the difference in absorptivity of Ga is well reected in the
research of the ZnS and ZnSe ceramic bulks. Meanwhile, there
is no relevant information on Co in the Raman spectra, but
there is in the results of XRD, which illustrates that the two
materials have a similar ability to absorb Co and Co has a better
absorption in the bulk of the materials. In addition, the two
kinds of materials have the same trend in the change of stoi-
chiometry, and the best doping proportion is a higher doping of
Co and a lower doping of Ga2O3 in the same content of ZnS/
ZnSe.

3.3. The properties of absorption

The UV-vis absorption spectra of the (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4
ceramic bulks sintered at 1200 �C are shown in Fig. 6. There is
Fig. 5 Raman spectra of the (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 ceramic
bulks.

RSC Adv., 2017, 7, 50928–50934 | 50931
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Fig. 6 UV-vis absorption spectra of the (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4
bulks.
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a wide absorption band in the range 450–700 nm. The center of
the peak is located in the range 540–570 nm. The absorption
intensity is increased with the content of Ga2O3, proving that
Ga2O3 and Ga+ have been doped in the ZnS/ZnSe because of its
properties in the ultraviolet region.33 The absorption peaks in
the range 420–435 nm can be attributed to oxides in the bulks,
and the intensity of the peaks shows little change.34 Therefore,
information about Ga2O3 and ZnCoGa2O4 is demonstrated in
the absorption spectra. In order to verify the substitution of Co
in the ceramic bulks, infrared spectroscopy will be used.

The infrared absorption spectra of the (Co)x(Ga2O3)0.6�x

(ZnS/Se)0.4 ceramic bulks sintered at 1200 �C are shown in
Fig. 7. According to current reports, Co2+ has two strong
absorption bands at 730 nm and 1600 nm, which are ascribed to
4A2(F) / 4T1(F) and 4A2(F) / 4T1(P).16,35 In the case of co-
doped materials, the excited state 4T1(F) may lead to an
energy transition between the relevant orbitals of the different
Fig. 7 Near-infrared absorption spectra of the (Co)x(Ga2O3)0.6�x

(ZnS/Se)0.4 bulks.

50932 | RSC Adv., 2017, 7, 50928–50934
doping ions.36 Therefore, the different dopants need to be tested
and studied in different substrates. The infrared absorption
spectra have two larger peaks approximately at 1080 nm
and 1620 nm, which can be attributed to the oxide and d–d
electronic transitions of the Co2+ ions. The intensity of the
infrared absorption peaks depends on the molecular vibration
with the change of dipole moment.37 With Co2+ ion doping, the
variation of the dipole moment becomes smaller. However, the
infrared absorption band becomes narrow and sharp in the case
of Ga2O3 doping.
3.4. The properties of the valence state

The XPS spectra of Co in the (Co)x(Ga2O3)0.6�x(ZnSe)0.4 ceramic
bulk are shown in Fig. 8. The C 1s in elemental C and Al targets
is selected to revise the charge potential shi and bombard-
ment in testing. The weak XPS signals at 800 �C are difficult to
analyse, which indicates the uncertainty of Co doping at low
temperatures. The binding energy of Co 2p3/2 is 781.4 eV and Co
2p3/2 is 797.7 eV in the range 1000–1200 �C. Compared with the
standard spectrum, the peak information in this area coincides
with the peak phase of CoO. Therefore, this situation proves
the +2 valence of Co. With the increase of the preparation
temperature, the peak position in the range 1200–1400 �C
moves slightly in the direction of the 770 eV. The peak position
is close to that of Co3O4, according to information from stan-
dard spectra. This means that a small amount of Co ions with
a +3 valence exist in the material sintered at high temperature.

The XPS spectra of Ga in the (Co)x(Ga2O3)0.6�x(ZnSe)0.4
ceramic bulk are shown in Fig. 9. The peak positions of Ga 2p
for the materials prepared at different temperatures are almost
identical. The binding energy of Ga 2p3/2 is 1117.8 eV and Ga
2p3/2 is 1145.5 eV. This result shows that the inuence of the
sintering temperature on Ga is smaller than that on Co. In
addition, this is also related to the high stability of Ga2O3.
According to the bonding energy of the Ga–O bond (1116.6 eV),
we can conclude that Ga exists in the +3 oxidation state, and it is
Fig. 8 XPS spectra of Co 2p for the (Co)0.5(Ga2O3)0.1(ZnSe)0.4 bulks at
temperatures ranging from 800 �C to 1400 �C.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 XPS spectra of Ga 2p for the (Co)0.5(Ga2O3)0.1(ZnSe)0.4 bulks at
temperatures ranging from 800 �C to 1400 �C.
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consistent with the Ga2O3 we doped. Therefore, the +3 valence
of Ga ion is conrmed.
3.5. The surface morphology of the lms

SEM used to visualise the surface morphology of (Co)0.5
(Ga2O3)0.1(ZnSe)0.4 lms, prepared from the bulk sintered at
800 �C, 1000 �C, 1200 �C and 1400 �C, is shown in Fig. 10. Many
incomplete dopant sites are present in the morphology at
800 �C, as shown in Fig. 10(a), which are probably Co sites
because Co occupies 50% of the composition ratio at this
doping concentration. The large particle size and surface
roughness are shown in Fig. 10. However, the surface
Fig. 10 SEM used to visualise the surface morphology of (Co)0.5(Ga2O
1000 �C, (c) 1200 �C and (d) 1400 �C.
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morphology of the lm prepared from the ceramic bulk sintered
at 1000 �C has signicantly improved, as depicted in Fig. 10(b).
The number and size of the surface particles are markedly
reduced by the change in temperature. At the same time, the
neat surface arrangement and clear texture are depicted in
Fig. 10(b). Then, the arrangement of the surface is almost
unchanged, but the particle size is slightly increased for the lm
prepared from the ceramic bulk sintered at 1200 �C, as shown in
Fig. 10(c). Although the surface is more smooth and uniform,
some aky dopant appears on the surface of the lm sintered at
1400 �C. In summary, excellent surface morphology of the lm
is obtained in the range 1000–1200 �C. According to the results
of this paper, this conclusion can be considered as an inuence
of the quality of the original material. The effect of the surface
morphology of the raw material on the morphology of the lm
requires further discussion and experiment.
4. Conclusion

The ceramic bulks (Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 (x ¼ 0.1, 0.3 and
0.5) were fabricated via a solid state reaction in a high
temperature pipe boiler, at temperatures ranging from 1000 to
1400 �C. The impressive effect of the sintering temperature on
the doping elements was investigated, and the optimum sin-
tering temperature in the range 1000–1200 �C was revealed, by
the analysis of the mass loss, molar ratio and shrinkage rate of
(Co)x(Ga2O3)0.6�x(ZnS/Se)0.4. The zinc-blende structure of the
bulk ceramic and optimum doping ratio of (Co)x(Ga2O3)0.6�x

(ZnS/Se)0.4 were conrmed by XRD and Raman spectroscopy.
(Co)x(Ga2O3)0.6�x(ZnS/Se)0.4 could be used as an optical material
with a broad application range, from the ultraviolet to infrared,
3)0.1(ZnSe)0.4 films prepared from the bulk sintered at (a) 800 �C, (b)
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according to the absorption spectra. The +2 and +3 valences of
Co and Ga in the materials were proved by XPS. The surface
morphologies of the lms were visualised by SEM and exhibited
excellence when sintering temperatures were in the range 1000–
1200 �C. In summary, Co and Ga2O3 co-doped ZnS/Se ceramics
have diverse properties and a wide range of absorption. What’s
more, it is benecial to research the relationship between the
preparation of target or bulk ceramics and the characteristics of
the nano-materials. But, there are still some problems with our
experiments, such as optimization for the preparation method
and impurity in the materials. Therefore, this work is of great
practical signicance for investigations on bulk ceramics.
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