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Infrared emissivities of Mn, Co co-doped ZnO powders
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Infrared emissivities of Zn0.99−xMn0.01CoxO (x = 0.00, 0.01, 0.03, 0.05) powders synthesized at different calci-

nation temperatures by solid-state reaction are investigated. Their phases, morphologies, UV absorption spectra, and

infrared emissivities are studied by XRD, SEM, UV spectrophotometer, and an IR-2 dual-band infrared emissometer in

a range of 8 µm–14 µm. Doped ZnO still has a wurtzite structure, and no peaks of other phases originating from impu-

rities are detected. The optical band-gap decreases as the Co content and calcination temperature ascend, and of which

the smallest optical band gap is 2.19 eV. The lowest infrared emissivity, 0.754, is observed in Zn0.98Mn0.01Co0.01O

with the increase in Co concentration. The infrared emissivity experiences fluctuations as the calcination temperature

increases, and its minimum value is 0.762 at 1100 ◦C.
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1. Introduction

As an infrared stealth coating, doped semicon-

ductor pigment can exhibit a low infrared emissiv-

ity (IR-e) by modifying some parameters properly,

such as carrier concentration and carrier mobility. Up

to now, ample research has been conducted regard-

ing ITO (Sn-doped In2O3)
[1,2] and ZAO (Al-doped

ZnO).[3−5] Compared with ITO, ZnO has many ad-

vantages of low cost, non-toxicity, and simple prepa-

ration technique. Besides the electronic, piezoelectric,

and optical applications,[6] doped ZnO can also be

used as a low IR-e material. There are many stud-

ies concerning the effects of various preparation tech-

niques on the IR-e. Zhu et al.[3] reported on the IR-e

of ZAO films fabricated by sol–gel process. Wu et

al.[4] and Wang et al.[5] studied the IR-e of ZAO films

synthesized by liquid coprecipitation method and DC

reactive magnetron sputtering, respectively. However,

among a great deal of research work relating to the di-

luted magnetic semiconductors (DMSs),[7−11] very few

studies on the IR-e of transition metal (TM) doped

ZnO have been conducted. The resonant absorption,

Im ε(ω), can be modified by the susceptibility from

the equation,[12]

ε(ω)/ε0 = 1 + χe, (1)

where ε(ω), ε0, and χe represent the dielectric func-

tion, vacuum dielectric function, and susceptibility, re-

spectively. Based on Kirchoff’s law, the IR-e will also

be affected by the susceptibility indirectly.

In this study, Zn0.99−xMn0.01CoxO (x = 0.00,

0.01, 0.03, 0.05) powders are prepared by standard

solid-state reaction at different calcination tempera-

tures. Their phases, morphologies, and IR-e values in

a range of 8 µm–14 µm are investigated. The IR-e of

ZnO powders is reduced by the incorporation of Co

and Mn ions.

2. Experiment

According to certain proportions, ZnO was mixed

with MnCO3 and Co2O3. With alcohol as the sol-

vent, the mixtures were ball milled in planetary mill

(QM-1SP04). Then the mixtures were dried, grinded,

and riddled with sifters. Finally, the mixed powders

were calcined for 2 h in furnaces (sx2-6-13 box-type

resistance furnace, Shanghai Laboratory Electric Fur-

nace Works) and cooled in air. Besides pure ZnO at

1150 ◦C, Zn0.99−xMn0.01CoxO (x = 0.00, 0.01, 0.03,

0.05) powders were prepared at 1000 ◦C, 1050 ◦C,

1100 ◦C, 1150 ◦C, and 1200 ◦C.

The structures of the samples were examined by

using an X-ray diffractrometer (DX-1000, Dandong

Fangyuan Co., Ltd.) with CuKα radiation at 35 kV

and 25 mA. The grain sizes and morphologies of the

samples were investigated by using a scanning elec-

tron microscope (SEM) (JSM 6360LV, JEOL). The

UV spectra of samples were analysed by using a spec-

trophotometer (V-570, JASCO). The infrared emis-

sivity was measured by an infrared emissometer (IR-
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2 Dual-Band Emissometer, Shanghai Chengbo Opto-

electronic Technology Co., Ltd.).

3. Results and discussion

From the pictures in Fig. 1, pure ZnO powders

are white with a slightly yellow colour, while Mn, Co

co-doped ZnO powders are green in colour, which be-

comes darker with Co concentration increasing.

(a) (b)

(c) (d)

Fig. 1. (color online) Pictures of (a) pure ZnO and (b)–

(d) Zn0.99−xMn0.01CoxO (x = 0.01, 0.03, 0.05) powders

synthesized at 1150 ◦C.

3.1.XRD analysis

By using software (MDI Jade 6), the co-doped

samples are found to be still of wurtzite structure with

no impurity phases from the magnified XRD patterns

appearing in Fig. 2. It can be deemed that Mn and Co

atoms have occupied the lattice sites of Zn atoms in

zinc oxide, or exist as interstitial ions or atoms. How-

ever, we cannot exclude the existence of Mn and Co

clusters and their oxide clusters whose amounts are

too small to be detected in XRD.

The lattice parameters (a, c) are shown in Fig. 3,

which are larger than those reported by Maensiri et

al.[11] With a radius (0.080 nm) bigger than that of

Zn2+ ion (0.074 nm),[13] Mn2+ ions occupy the sites

of Zn2+ ions and cause an expansion in the lattice pa-

rameter of Zn0.99Mn0.01O powders (x = 0.00). The

same results are observed in Refs. [14]–[16], and it is

deemed that Mn ions have replaced Zn ions. Through

detailed XPS and XAFS analysis, Sun et al.[17] demon-

strated that although MnO2 was implanted into ZnO

with a Mn4+ state, Mn atoms would substitute for Zn

atoms with a Mn2+ state. Additionally, they men-

tioned many studies in which the same results were

obtained. These are consistent with the XRD analy-

sis in our work.

0

2

4

6
ZnO, 0 at%-5 at%

30 40 50 60 70
0

2

4

6

1000 C-1200 C

In
te

n
si
ty

/
1
0

2
 a

rb
. 
u
n
it
s

(a)

(b)

2θ/(Ο)

Fig. 2. XRD patterns of (a) Zn0.99−xMn0.01CoxO (x =

0.00–0.05) at 1150 ◦C and (b) Zn0.94Mn0.01Co0.05O at

different temperatures.
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Fig. 3. Lattice parameters of (a) Zn0.99−xMn0.01CoxO

(x = 0.00–0.05) at 1150 ◦C and (b) Zn0.94Mn0.01Co0.05O

at different temperatures.

The lattice parameter increases with the x value

increasing from 0.01 to 0.05. From the radii of

Co2+, Co3+, and Zn2+ ions (0.072 nm, 0.063 nm,

and 0.074 nm, respectively),[13] the lattice parame-

ter will be reduced by the replacement of Zn2+ by

Co2+ or Co3+. Therefore, it is not the substitutional

doping that leads to the growing parameters but the

formation of interstitial defects about Co or Zn.[18]

From Fig. 3(b), the lattice parameters (a, c) experi-

ence the same fluctuations with calcination temper-

ature increasing. At 1100 ◦C, the lattice parameter

declines to a minimum value, smaller than those of
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pure ZnO powders (a = 0.32524 nm, c = 0.52071 nm)

calcined at 1100 ◦C. This implies that more Zn ions

have been occupied by Co ions at this temperature.

3.2. SEM analysis

From the SEM images in Fig. 4(i), poor crys-

talline quality is seen clearly in pure ZnO powders.

As expected, the introduction of Mn and Co ions im-

proves the crystalline quality. The grain sizes decrease

with Co content growing, which are 3.77 µm, 3.26 µm,

and 2.66 µm, respectively. As the calcination tem-

perature rises, the grain sizes are 1.81 µm, 1.79 µm,

2.07 µm, 2.66 µm, and 4.37 µm, respectively. Clear

grain surfaces can be observed in Zn0.98Mn0.01Co0.01O

powders prepared at 1150 ◦C. However, the particles

show slight aggregations in the samples calcined at

higher temperatures.

(a) (b) (c) (d) (e)

(f) (g) (h) (i)

Fig. 4. SEM images of (a)–(e) Zn0.94Mn0.01Co0.05O at 1000 ◦C–1200 ◦C, (f)–(h) samples with 0 at%–3 at%

Co, and (i) pure ZnO powders.

3.3.UV absorption spectrum analysis

Figure 5 shows the UV absorption spectra of sam-

ples. The optical absorptions, α, between 500 nm and

700 nm are enhanced with Co content and calcination

temperature increasing. A red shift of absorption edge

can be seen in the samples doped by Mn and Co ions.
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Fig. 5. UV absorption spectra of (a) Zn0.99−xMn0.01CoxO

at 1150 ◦C and (b) Zn0.94Mn0.01Co0.05O at different temper-

atures.

The optical band gap, Eg, can be estimated by

the following equation:[19]

(αhν)2 = A(hν − Eg), (2)

where A is constant, h represents Planck’s constant,

and ν is the frequency of the electromagnetic wave.

The dependence of (αhν)2 on hν is displayed in Fig. 6.

Figure 6(a) shows that the values of Eg decrease with

Co concentration increasing from 1 at% to 5 at%,

which are 2.34 eV, 2.28 eV, and 2.19 eV, respectively.

In addition, a decreasing optical band gap (2.25 eV)

is also detected in Zn0.99Mn0.01O powders (x =

0.00). Although these values are much smaller than

those in Refs. [20] and [21], the same relationships
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Fig. 6. Dependences of (αhν)2 on hν in samples (a) with

different Co contents and (b) at different temperatures.
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between band gap and Co content are found. Ul-

lah and Dutta[22] and Polyakov et al.[23] also observed

the declining optical band gaps in Mn- and Co-doped

ZnO. However, Ozerov et al.[24] reported on a con-

trary result. Figure 6(b) indicates that when the

temperature is elevated, the values of Eg decrease

in Zn0.94Mn0.01Co0.05O, which are 2.54 eV, 2.44 eV,

2.34 eV, 2.20 eV, and 2.19 eV, respectively. Maensiri

et al.[11] obtained the same conclusion, but a bigger

optical band gap, about 3.2 eV, was detected in their

studies. The band structural change is attributed to

the replacement of Zn ions by Mn and Co ions.[11]

3.4. Infrared emissivity analysis

3.4.1. Effect of Co concentration

The IR-e values of samples, dependent on x values

and calcination temperatures, are presented in Fig. 7.

Pure ZnO powders calcined at 1150 ◦C show a high

IR-e value, 0.812. After being implanted into ZnO,

both Mn and Co ions can lower the IR-e value. From

Fig. 7(a) it follows that the IR-e value shows the same

relationship as that between lattice parameter and Co

concentration. Co2O3 starts to resolve into CoO at

high temperatures via the following reaction:[25]

2Co2O3
1000 ◦C−−−−−→ 4CoO +O2 ↑. (3)

Having an ion radius (0.072 nm) similar to that

of Zn2+ (0.074 nm), Co2+ ions can occupy the sites

of Zn2+ ions easily. Moreover, CoO possesses Co va-

cancy defects and ZnO has oxygen vacancy defects.[13]

Consequently, replacing the sites of Zn2+ ions, the pro-

duced Co2+ ions can reduce the boundary defects and

lattice distortion. As a result of degraded carrier scat-

tering and raised carrier mobility, the elevated con-

ductivity contributes to the lower IR-e. Additionally,

CoO also plays an important role in enhancing the

carrier concentration. From the following reaction:[25]

CoO −→ CoZn +V2+
o +

1

2
O2 + 2 e, (4)

the introduction of CoO will raise the carrier concen-

tration by increasing the oxygen vacancies.

This is different from ZAO in which Al ions pro-

vide an additional electron. As a result, the grow-

ing conductivity restrains the increase of the IR-e.

When the Co content is 1 at%, the emissivity is low-

est (0.754) due to the completive replacement of Zn

ions by Mn and Co ions. However, as Co concentra-

tion grows, the formation of more interstitial defects

about Co or Zn results in the lattice distortion. On

the other hand, from the SEM analysis, the decreasing

grain size brings about more grain boundaries. Then,

the carrier scattering is enhanced, thereby depressing

the carrier mobility and conductivity. In conclusion,

the increasing of infrared emissivity arises from the

minimized conductivity and poor crystalline quality.
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Fig. 7. IR-e values of (a) Zn0.99−xMn0.01CoxO at

1150 ◦C and (b) Zn0.94Mn0.01Co0.05O at various tem-

peratures.

3.4.2. Effect of calcination temperature

Just like the lattice parameter, the IR-e value

experiences fluctuations with calcination temperature

increasing (see Fig. 7(b)). When the lattice parame-

ter declines, the IR-e value also goes down. However,

in general, the IR-e value first ascends and then de-

scends. As the calcination temperature jumps, the

lower lattice parameters are attributed to the replace-

ment of Zn ions by Co ions. As discussed above,

the IR-e value can be reduced by the substitution

of Co2+ ions for Zn2+ ions. Besides, further calcina-

tion is beneficial to the desorption of adsorbed oxygen

on the grain boundary and fewer electron capturing

traps.[3,7] As a consequence, the carrier concentration

increases and the IR-e value descends. The lowest IR-

e value (0.762) is obtained at 1100 ◦C. Nevertheless,

a higher calcination temperature will lead to the sec-

ondary crystallization of the sample and abnormal en-

largement of grains (see Fig. 4(d)). And the crystalline
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quality of grain becomes poor. The lattice symmetry

is destroyed and the infrared absorption is enhanced,

which is followed by a higher IR-e value. Close to the

IR-e value of pure ZnO (0.841), the highest IR-e value

(0.808) is reached in Zn0.94Mn0.01Co0.05O powder at

1150 ◦C.

3.5.XPS spectra analysis

To study the chemical states of Mn and Co ions in

Zn0.94Mn0.01Co0.05O powder synthesized at 1100 ◦C,

XPS measurement is performed with an emphasis on

the peaks associated with Mn2p and Co2p by using

a multi-technique electron spectrometer (ESCALAB

MK II, VG Scientific Ltd). TheMgKα radiation is

used, and all binding energies are referenced to C 1s

photoelectron signal at 285 eV.
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Fig. 8. XPS spectra of (a) Mn2p and (b) Co2p in

Zn0.94Mn0.01Co0.05O calcined at 1100 ◦C.

It is clearly seen from the XPS spectra in Fig. 8(a)

that Mn2p3/2 peaks are located at 641 eV, showing

that Mn ions in the powder are mainly in a chemical

state of Mn2+.[26] Mn clusters are not detected accord-

ing to the difference between Mn2p3/2 and Mn2p1/2.

This is in good agreement with the XRD analysis. The

peak at 779.30 eV attributed to Co2p3/2 (Co2+ mul-

tiple sp;itting) is shown in Fig. 8(b).[26] And from the

difference between Co2p3/2 and Co2p1/2, no Co clus-

ter but Co2+ ions exist in the sample. The same re-

sults can be found in Refs. [9] and [10]. However, the

valence of Co is not easily determined by XPS. Be-

cause the number of Co3+ ions can be too small to be

detected, the existence of Co3+ ions is not excluded.

The result indicates that the emissivity can be less-

ened by the substitution of Co2+ ions for Zn ions.

4. Conclusion

Zn0.99−xMn0.01CoxO (x = 0.00, 0.01, 0.03, 0.05)

powders were synthesized at various calcination tem-

peratures by solid-state reaction. No secondary phase

was detected in each of the fabricated samples. This

demonstrates that Co and Mn atoms can enter into

the ZnO lattice easily. The higher the Co content

and the calcination temperature, the smaller the op-

tical band gap is. The observed optical band gaps are

much smaller than those obtained by other authors.

For each of the samples, the emissivity and the lat-

tice parameter vary with Co content and calcination

temperature in the same manner. The lowest infrared

emissivity (0.754) is obtained in Zn0.98Mn0.01Co0.01O

prepared powder at 1150 ◦C. XPS spectra imply that

Mn and Co ions are dissolved in the ZnO lattice with

Mn2+ and Co2+, respectively.
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