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Abstract Highly dense and electrically conductive alu-

minum- and boron-co-doped ZnO (ABZO) ceramics were

prepared by traditional pressureless sintering process. Single

aluminum-doped ZnO (AZO) ceramics were synthesized

with similar process and characterized for comparison. The

densification behavior, crystal structure, morphology, com-

position and electrical properties of the ceramics were

studied. Results indicated that AZO ceramics with the

maximum relative density of 99.01 % were obtained only at

1350 �C for 4 h, which, however, was accompanied by

electrical conductivity deterioration because of the increased

insulated ZnAl2O4 phase formed in ceramics. Interestingly,

the ABZO ceramics reached the maximum relative density

of 98.84 % at 1100 �C, which was 250 �C lower compared

with that of AZO ceramics. Moreover, the electrical con-

ductivity of ABZO ceramics improved significantly with the

increased sintering temperature and increased insulated

ZnAl2O4 phase, which should be ascribed to the decreased

grain boundaries and the resultant reduced carrier scattering

in ceramics overcoming the influence of increased ZnAl2O4

phase due to boron doping effect.

1 Introduction

ZnO is an important n-type II-VI group semiconductor

with a wide band gap of 3.37 eV at room temperature

[1]. When doped with group III elements including Ga

[2], Er [3], In [4] and Al [5–19], the electrical resistivity

of ZnO decreases exponentially. Aluminum-doped ZnO

(AZO) has been extensively studied for optoelectronic

applications because it concurrently exhibits low elec-

trical resistivity, high optical transparency, good thermal

stability and low cost [6–8]. Commercially, transparent

conductive AZO films are produced from AZO ceramic

sputtering technique [9–12]. Sputtering technique has

advantages of high deposition rate, good film adhesion

and low temperature substrate. It is noteworthy that AZO

ceramics with high relative density and low electrical

resistivity are urgently needed to obtain AZO films with

few structural defects and necessary specifications

[13, 14].

Several methods have been developed for preparing

AZO ceramics. Now, AZO ceramics with the relative

density of *98 % have been obtained using hot pressing

(HP) and hot isostatic pressing (HIP) methods by adding

sintering aids [15, 16]. Neves et al. [17] obtained AZO

ceramics with the relative density of *99 % from AZO

nanostructured powders. Chen et al. [18] obtained AZO

ceramics with relative density of 99.4 % using SPS

method at a high heating rate of 100 �C/min. Wu

obtained AZO ceramics with nearly full density using

cold isostatic pressure technique based on the two-step

sintering process [19]. Among the above reports, how-

ever, the formation of insulated ZnAl2O4 phase in ZnO

matrix with sintering temperature is still the severe

problem to hinder the electrical conductivity and relative

density of AZO ceramics. To our knowledge, a facile

sintering process has not been employed for preparing

AZO ceramics with simultaneous good electrical prop-

erty and high relative density. Therefore, it is worth

seeking a patentable process under mild conditions for

such particular purposes.
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Boron-doped ZnO (BZO) could generate free electron

carriers, which can therefore increase the carrier concen-

tration and contribute to the electrical conductivity of ZnO

[20]. At the same time, it is reported that B3? has high

value of Z/rR
2 , which will polarize the electron cloud of the

O 2p6 valence strongly, thereby increasing the Hall

mobility and reducing the electrical resistivity of ZnO [21].

In the present study, aluminum- and boron-co-doped ZnO

(ABZO) ceramics simultaneously with high dense and

good electrical conductivity were obtained. The densifica-

tion behavior, crystal structure, morphology, composition

and electrical resistivity of the ceramics have been inves-

tigated and discussed. For the sake of comparison, the

single aluminum-doped ZnO (AZO) ceramics were pre-

pared and characterized.

2 Experimental

2.1 Preparation

Commercial ZnO, Al2O3 and H3BO3 powders (purity

[99.9 %) were used as starting materials without further

purification. Firstly, 1.5 wt% ammonium polyacrylate

(analytical grade) was added into the distilled water

(5 MX cm). A specified amount of ZnO and Al2O3

powders were mixed with H3BO3 powder in the above

aqueous ammonium polyacrylate dispersant solution.

The powder content in the above ABZO slurry mixture

was 55.5 wt%. The Al concentration in ABZO powder

was 1.6 at. % [Al: (Al ? B ? Zn)], and B concentration

in ABZO powder was 0.5 at. % [B: (Al ? B ? Zn)]. The

mixture was then gently ball-milled for 48 h. Next,

1 wt% polyacrylic emulsion (analytical grade) was

mixed with the above white slurry. The amounts of the

dispersant (1.5 wt%) and the binder (1 wt%) were based

on the weight of the total dry powder. The mixture was

further ball-milled for 0.5 h and then dried at 150 �C to

complete dehydration using a spray dryer (S-1500,

Sunyitech Co., China). The obtained dry powders were

cold-compacted under 28 MPa by uniaxial press and

subsequently cold isostatic-pressed (CIP) under

250 MPa to further enhance the green density. The rel-

ative density of pressed green bodies was 62.2 ± 0.7 %

of theoretical density (5.61 g/cm3). The final dimension

of the pressed cylindrical specimen was 57.1 ± 0.2 mm

in diameter and 8.9 ± 0.04 mm in thickness. Afterward,

the green bodies were sintered in an air furnace at a

heating rate of 100 �C/h. Finally, the specimens were

cooled to room temperature naturally. The similar syn-

thesis of AZO ceramics without H3BO3 was also per-

formed. The Al concentration in AZO starting powders

was 1.6 at. % [Al: (Al ? Zn)].

2.2 Characterization

The relative density of green bodies was obtained by

measuring the dimension and weight (geometric density).

The relative density of the sintered ceramics was measured

by the Archimedes liquid immersion technique. Structural

characterization of samples was carried out by X’pert Pro

X-ray diffraction (XRD) using Cu Ka radiation (wave-

length = 0.154056 nm), with acceleration voltage of

40 kV and current of 40 mA. The fractured morphology of

ceramics was observed by JEOL 6360 scanning electron

microscope (SEM). Elemental composition of ceramics

was evaluated by energy-dispersive X-ray spectroscopy

(EDS) performed on Oxford INCA equipment. The elec-

trical resistivity of ceramics was analyzed by four-point

probe method.

3 Results

3.1 Densification behavior

The linear shrinkage of ceramics was measured using the

following formula [22]:

L ¼ l0 � l1

l0
� 100% ð1Þ

where L is the linear shrinkage; l0 and l1 are the diameter of

ceramics before and after the sintering process,

respectively.

The linear shrinkage and relative density of AZO

ceramics (denoted as LAZO and RAZO, respectively) sin-

tered at 1350 �C increase and then decrease with holding

time, both with a peak at 4 h (Fig. 1a).

For further information on multiple comparisons,

Fig. 1b shows the linear shrinkage (LAZO and LABZO) and

relative density (RAZO and RABZO) of AZO and ABZO

ceramics as a function of sintering temperature with 4 h of

holding time. It can be seen that the LAZO and RAZO of

AZO ceramics increase slowly along with the sintering

temperature and reach the maximum values of 13.61 % of

LAZO and 99.01 % of RAZO at 1350 �C, then decline to

13.42 % of LAZO and 94.87 % of RAZO at 1400 �C,
respectively. Hence, it can be concluded from this result

that the sintering temperature of 1350 �C with 4 h of

holding time used in this present work is appropriate for

pores removal and crystallization process of the green

bodies to obtain the desired dense AZO ceramics.

Differently, the LABZO and RABZO of ABZO ceramics

increase very rapidly with increasing sintering temperature

(Fig. 1b). The 13.69 % of LABZO and 97.65 % of RABZO of

ABZO ceramic are obtained at 900 �C, which are observed

to be further increased but very slowly, reaching the
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maximum value of 13.78 % of LABZO and 98.84 % of

RABZO at only 1100 �C, and then both decrease slightly.

3.2 SEM observation

Fractured morphologies of AZO and ABZO ceramics are

shown in Fig. 2a–l. The AZO ceramics obtained at

1350 �C for 1 h (Fig. 2a) and 1300 �C for 4 h (Fig. 2d)

clearly show the existence of many pores and microstruc-

tural irregularities, which agrees well with their low

relative density. At the sintering temperature of 1350 �C
with the holding time for 4 h (Fig. 2b), the pores disappear

and the grains grow up accompanying by many grain

boundaries, which is the main characteristic of AZO

ceramics having the high density. However, for AZO

ceramics sintering at 1350 �C with holding time rising up

to 7 h (Fig. 2c) or the sintering temperature rising up to

1400 �C with holding time for 4 h (Fig. 2e), the lamellar

structure appears accompanied by large pores, which cor-

responds well with the decreased relative density.

Fig. 1 Linear shrinkage and relative density versus a holding time of AZO ceramics sintered at 1350 �C and b sintering temperature of AZO and

ABZO ceramics with holding time of 4 h

Fig. 2 SEM micrographs ceramics of a AZO, 1350 �C, 1 h; b AZO,

1350 �C, 4 h; c AZO, 1350 �C, 7 h; d AZO, 1300 �C, 4 h; e AZO,

1400 �C, 4 h; f ABZO, 800 �C; g ABZO, 900 �C; h ABZO, 1000 �C;

i ABZO, 1100 �C; j ABZO, 1200 �C; k ABZO, 1300 �C; l ABZO,
1350 �C. All ABZO ceramics were sintered with holding time of 4 h
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From the SEM images of ABZO ceramics shown in

Fig. 2f–l, it is clearly seen that the porosity is quite high

after sintering at 800 �C (Fig. 2f), implying the densifica-

tion is not available, which agrees well with its low sin-

tering density presented in Fig. 1. However, the ABZO

ceramics are dark and homogeneous between 900 and

1100 �C, as shown in Fig. 2g–i, in which very few pores

are evident, proving that the densification of ABZO

ceramics is obvious after sintering above 900 �C. Fur-

thermore, there is no significant structure gradient along the

radial direction, and the corresponding grain size of ABZO

ceramics increases from 0.8 to 6.2 lm. When the sintering

temperature increases to 1200–1300 �C (Fig. 2j, k), the

grain boundaries tend to disappear, producing glass-like

structure (glassy phase), which makes it difficult to dis-

tinguish the single grains from grain boundaries, implying

a very homogeneous microstructure. This homogeneous

microstructure without grain boundaries could play an

important role in the decrease of the carrier scattering

among the grains when they are used into an electrode

material. Moreover, as the sintering temperature reaches up

to 1350 �C, a bimodal structure consisting of supergrain

boundaries (as indicated by arrows) accompanied by the

glassy phase is observed in Fig. 2l.

3.3 XRD and EDS analysis

Figure 3a, b presents X-ray diffraction (XRD) patterns of

AZO ceramics sintered at different sintering temperatures

and holding times, respectively. The predominant peaks in

XRD patterns of AZO ceramics are attributed to hexagonal

wurtzite ZnO [23]. It is obvious that the synthesized AZO

ceramics possess considerably high crystallinity, as evi-

denced by the sharp intensity of most dominant diffraction

peaks. The entire diffraction peak positions of AZO

ceramics shift toward higher angles compared to that of

standard ZnO. Such an increase suggests the lattice

shrinkage of ZnO ceramics which was probably due to the

ionic radii difference between Zn2? (0.74 Å) and Al3?

(0.054 Å), implying that Al3? ions were substituted into

Zn2? sites [24]. Additionally, minor amounts of spinel

ZnAl2O4 can be found in the XRD patterns, proving that

Fig. 3 XRD patterns of a AZO ceramics sintered at different temperatures with holding time of 4 h, b AZO ceramics sintered at 1350 �C with

different holding times and c ABZO ceramics sintered at different temperatures with holding time of 4 h
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the sintered AZO ceramics do not consist in a single-phase

structure, but a mixed double-phase structure.

Figure 3c shows XRD patterns of ABZO ceramics

sintered from 450 to 1350 �C in this present work. There

are no peaks of other phases observed except hexagonal

ZnO in the XRD patterns from 450 to 900 �C, pointing
out that the ABZO ceramics comprise a single crystalline

phase without any other impurities. However, the weak

diffraction peaks suggesting the presence of ZnAl2O4

can be observed when the sintering temperature reaches

up to 1000 �C. The formation of ZnAl2O4 phase should

be ascribed to the doping concentration beyond the sol-

ubility limit of Al in ZnO at high sintering temperatures

[25–28]. Similarly, all the entire diffraction peak posi-

tions of ABZO ceramics shift toward higher angles

compared to that of standard ZnO, implying some Al

ions have incorporated into ZnO lattices replacing Zn

sites.

InEDSobservations forAZOandABZOsamples shown in

Fig. 4, Zn, Al, O elements are detected in AZO ceramic and

Zn, Al, O, B elements are detected in ABZO ceramic without

any other impurities, indicating the sintered ceramics are pure

and Al, B have incorporated into ZnO matrix.

3.4 Electrical properties

The electrical resistivity of the ceramics is one of the most

important properties in addition to their relative density. Wei

et al. [29] suggested that ZnAl2O4 phase was an electrical

insulator, which could decrease the electrical conductivity of

AZO. Basically, the weight percentage of the ZnAl2O4 phase

can be evaluated from the integrated intensity of the XRD

peaks according to the area ratio of the integrated intensity of

the strongest ZnAl2O4 plane reflection to the integrated

intensity of the strongest ZnO plane reflection [30]. In this

present study, to clarify the effect of ZnAl2O4 phase on the

electrical properties of the sintered ceramics, the area ratios of

ð311ÞZnAl2O4
=ð101ÞZnO of the XRD patterns of AZO and

ABZO ceramics and their electrical resistivity were investi-

gated, and the result is illustrated in Figs. 5 and 6, respec-

tively. It can be seen that the area ratio of

ð311ÞZnAl2O4
=ð101ÞZnO of AZO ceramics increases as the

holding time increases monotonously, while the correspond-

ing electrical resistivity increases monotonously too, which

indicates the increase in electrical resistivity ofAZO ceramics

is mainly resulted from the formation of insulated ZnAl2O4

Fig. 4 EDS patters of a AZO ceramic sintered at 1350 �C, 4 h, and

b ABZO ceramic, 1200 �C, 4 h
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phase [29]. The ZnAl2O4 phase could decrease the donor and

carrier concentrations, which plays an important role for the

deterioration of electrical property of AZO ceramics.

As shown in Fig. 6, the area ratio of

ð311ÞZnAl2O4
=ð101ÞZnO of ABZO ceramics increases

monotonously from 900 to 1300 �C, but the electrical

resistivity decreases with sintering temperature before

1300 �C. Then the electrical resistivity of ABZO ceramics

increases about two orders of magnitude up to 1350 �C.

4 Discussion

During sintering, the necks between touching particles

formed initially and the pores drifted toward the particle

surfaces. Some small particles grew into large grains

causing the grain boundaries and pores disappear, which

resulted in the shrinkage and density increase of

ceramics. A great many of pores existed in AZO

ceramics when the holding time was low because of

incomplete densification of ceramics. As the holding

time increased, the ceramics became dense because the

pores disappeared gradually. However, as the holding

time exceeded a certain value, the ZnO volatilization

occurred which resulted in the pore formation and

reduction of the linear shrinkage and relative density

[14, 18]. Besides, the new ZnAl2O4 phase formed with

sintering holding time due to the reaction between ZnO

and Al2O3 as can be proven in the XRD patterns below,

which pinned on grain boundaries, reduced the driving

force of ceramic densification and consequently

decreased the linear shrinkage, relative density and

electrical conductivity [6]. The increase in LAZO and

RAZO with increasing sintering temperature is mainly

related to the pores elimination in the compacts, and the

observed reduction of LAZO and RAZO with excessive

sintering temperature is related to the ZnO volatilization

and ZnAl2O4 formed in ceramics as mentioned above

[6, 14, 18]. Therefore, a fixed value of holding time for

4 h and sintering temperature of 1350 �C would be the

satisfactory preparation parameters to obtain AZO

ceramics with high density.

The LABZO and RABZO of ABZO samples were higher

than those of AZO counterparts (before 1300 �C). These
earlier densification and high sintering rate suggest that a

small amount of boron doping could effectively assist in

the sintering densification of AZO ceramics, which basi-

cally results from the liquid B2O3 (melting point is 450 �C)
and the subsequent sintering process driven by diffusive

mechanisms, resulting in the simultaneous activation of

grain interface migration and pores removal. On the other

hand, the slightly decreased LABZO and RABZO of ABZO

ceramics (beyond 1100 �C) are probably related to the

above-mentioned volatilization of ZnO, ZnAl2O4 forma-

tion and the glassy phase formed at high sintering tem-

peratures, which can be confirmed by the XRD and SEM

images [22]. The glassy phase exhibits a low density than

its crystalline counterpart.

Generally, the electrical resistivity is very complex,

which can be influenced by grain boundary scattering,

impurity scattering and lattice thermal vibration scattering

[31]. Among these contributing factors, the grain boundary

scattering is dominant in limiting the mobility and the

subsequent electrical resistivity in electrical conductive

ceramics [31]. When the sintering temperature increased

from 900 to 1300 �C, the electrical resistivity decreases

gradually, and the ABZO grain boundaries gradually dis-

appeared, forming more crystallites with the same orien-

tations, which can be modeled as in Fig. 7a, as observed

above in the SEM analysis in Fig. 2j, k. This microstruc-

ture can induce high carrier mobility as a result of the

reduced carrier scattering on grain boundaries [24]. It is

known that the grain boundary is much more disordered

than inside the grain, which is of crucial importance to

hinder the carrier transport and decrease the electrical

conductivity of conducting materials. Here, the intercon-

nected crystallites possessing the same orientation without

grain boundaries can significantly increase the Hall

mobility and reduce the electrical resistivity of ABZO

ceramics although non-conductive ZnAl2O4 phase

increased with sintering temperature. It is therefore sug-

gested that the change of electrical resistivity of ABZO

ceramics should be mainly affected by Hall mobility due to

the microstructure change. And thus, it may be this

microstructure change of the sintered ABZO ceramic that,

by balancing the effect of the non-conductive ZnAl2O4

phase, contributes to the decrease in the overall electrical

resistivity. Wong et al. [20] also indicated that the Hall

mobility was one important factor to decrease the electrical

resistivity of B2O3-doped ZnO thin films.

However, the disappearance of the grain boundaries

obtaining homogeneous microstructure could not be

achieved in the case of without using the boron doping in

AZO ceramics, resulting in the impossibility of the off-

setting process of the increased insulated ZnAl2O4 phase.

Therefore, the influence of the absence of boron doping on

local structure ultimately led to the formation of an

Fig. 7 Schematic diagram of the formation mechanism on structure

of a ABZO ceramic and b AZO ceramic
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inhomogeneous microstructure containing crystallites with

different orientations, as shown in Fig. 7b. This inhomo-

geneous microstructure in AZO ceramics ultimately results

in the spatial scattering of electron carriers. In addition, the

electrical resistivity of ABZO ceramics was significantly

increased by increasing the sintering temperature from

1300 to 1350 �C, which corresponds well with the

observed supergrain boundaries. The increased electrical

resistivity is probably due to the supergrain boundaries

formed in the ABZO ceramics which resulted in the serious

carrier scattering on grain boundaries and subsequent

increase in the overall electrical resistivity. On the other

hand, when the sintering temperature increased from 1300

to 1350 �C, the non-conductive ZnAl2O4 phase rose

moderately, as shown in Figs. 3c and 6. This finding shows

that after some conductive AZO crystallites have been

transformed into non-conductive ZnAl2O4 phase, the

decrease in Al3? donor concentration and increase in car-

rier scattering by ZnAl2O4 grain boundaries must occur,

which can increase the electrical resistivity of ABZO

ceramics. In short, based on the model of the formation

mechanism of grain boundary (Fig. 7b), we suggest the

possibility that the sharp increased electrical resistivity of

ABZO ceramic sintered at 1350 �C is mainly due to the

existence of strong carrier scattering on supergrain

boundaries because the content of ZnAl2O4 phase did not

increase remarkably from 1300 to 1350 �C. In fact, the

ABZO ceramics can achieve a low resistivity by incorpo-

rating boron at an appropriate sintering temperature. Thus,

it is worth inferring that the dense AZO ceramics with

highly crystalline structure and good electrical conductivity

can be successfully prepared by the proposed minor boron

doping in this present work. The ABZO ceramics with

Al1.6B0.5Zn97.9O composition may provide a good option

for deposition of high-quality ABZO thin films.

5 Conclusion

AZO and ABZO ceramics with high relative density were

successfully prepared. Both the area ratios of

ð311ÞZnAl2O4
=ð101ÞZnO and electrical resistivity of AZO

ceramics were found to increase with increasing sintering

temperature and holding time, respectively. The shift of the

diffraction peak positions of AZO and ABZO ceramics

toward higher values of 2h was resulted from the

replacement of Zn2? sites by Al3? ions in the ceramics. Al,

B co-doped ZnO ceramics were sintered to 98.84 % theo-

retical density at only 1100 �C, contributing to production

costs reduction of ceramics and consequently the costs of

optoelectronic applications. The structure of AZO ceramics

was inhomogeneous, the electrical resistivity of which

increased with ZnAl2O4 content. Different from that of

AZO ceramics, the electrical resistivity of ABZO ceramics

decreased with increasing ZnAl2O4 content probably

resulted from the improved microstructure of the ceramics

due to boron doping.
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