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ABSTRACT

A new technological approach for sintering Al-doped ZnO ceramics using

chemical vapor transport (CVT) based on HCl has been developed. Among the

advantages of the proposed sintering approach are: the low sintering temper-

ature of 1070 �C; the absence of deviation in the diameter of ceramics after

sintering; and the presence of Zn excess in the resulting material. The influence

of dopant powder, concentration of Al, powder compacting pressure, and sto-

ichiometric deviation on the density and conductive properties of ceramics has

been investigated. Due to the relatively weak interaction of Al2O3 with HCl and

limited solubility of Al in ZnO, a doping level about 2 at.% is recommended. A

further increase in the dopant concentration significantly reduces the density

and conductivity of the resulting material. A theoretical and experimental

comparative analysis of the features of CVT sintering of ZnO doped with Al, Ga,

and In was also carried out. ZnO:Al:Cl CVT ceramics with the resistivity of 9.5 9

10–3 X cm can be used as stable magnetron targets for ZnO thin films deposition

with improved conductive properties. The influence of dopant powder, Al

concentration, deposition temperature, and the gaseous medium of sintering

target on the electrical properties of films are investigated and discussed.

1 Introduction

ZnO thin films have shown broad prospects for var-

ious application, such as transparent electrodes in

solar cells, light emitting diodes, gas sensors, and

piezoelectric transducers [1]. One of the simplest and

controllable methods for deposition of conductive

thin films is magnetron sputtering [1]. Usually,

several type of targets are used for deposition, such

as Zn targets partially coated with Al [2], Zn ? Al

alloy targets [2], ZnO:Al2O3 ceramic targets [3–6], as

well as co-sputtering of ZnO and Al targets [7]. The

sputtering of Al-doped ZnO ceramics proved to be

the most controllable technique among them. The

commonly used sintering method of ceramic targets

consists in compacting an initial powder with
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subsequent annealing in air. This method has several

disadvantages [3–6], including (i) the necessity to

use a high-pressure technology (up to 100 MPa) for

the compacting of initial powder; (ii) high sintering

temperatures (1300-1500 �C) which are required to

obtain materials with a fairly high density, hardness,

conductivity and uniform doping; (iii) a change in the

diameter of the ceramics during sintering; (iv)

uncontrollable stoichiometric deviation. One of the

most conductive and dense ZnO:Al ceramics with a

resistivity of 2.3 9 10- 3 X cm and a density of 5.6 g/

cm3 was obtained by sintering ZnO:Al nanopowder

(particle size 20-30 nm) prepared through co-pre-

cipitation method [3]. The solubility limit of Al in

ZnO ceramics and films is about 2-3 at.%. A higher

doping level leads to a deterioration in uniformity of

ceramics and conductive properties of thin films [6].

Recently, chemical vapor transport (CVT) tech-

nique based on HCl, successfully developed for ZnO

single crystal growth [8], was proposed as an alter-

native approach for sintering ZnO:Cl ceramics with a

controllable stoichiometric deviation [9]. This

approach does not require the use of doped ZnO

nanopowders and powder compacting at high pres-

sure, change in the diameter of the ceramics after

sintering was not observed. The CVT sintering also

gives the possibility of multiple re-sintering and an

essential decrease in the sintering temperature to

1000 �C-1070 �C. The low sintering temperature is

related to an effective interaction between ZnO and

HCl; a high pressure of gaseous species involved in

CVT reactions (ZnCl2 and H2O vapors) can con-

tribute to the formation of ceramics in the gas phase

even at low temperatures [9, 10]. Some oxides effec-

tively interact with the CVT gaseous medium gen-

erating highly volatile chlorides. This effect leads to

an increase in the dissolution rate of the corre-

sponding dopants by several orders of magnitude.

Highly conductive and uniformly doped ZnO:Ga:Cl

ceramics were successfully synthesized at a temper-

ature as low as 1070 �C [10].

Al is the most typical and cost effective dopant for

ZnO; ZnO:Al thin films have prospects for applica-

tion in photoconductive devices [1]. The typical value

of resistivity for ZnO:Al thin films deposited using

the magnetron sputtering technique is about

(0.5-2) 9 10- 3 X cm [3, 6, 11]. Al-doping efficiency

in ZnO (fraction of Al atoms acting as shallow

donors) is relatively low; being only 4% for films

having 50 nm thickness and increases to about 15%

for the film thicknesses more than 450 nm (3 at.% Al).

Al dopant creates charge traps and homologous

phases, especially in very thin films at high doping

level [12]. Up to now, several methods were reported,

aimed to increase the conductivity of ZnO thin films,

such as ultraviolet stimulation of growing films [13],

binary doping with metallic impurities [3], rapid

thermal annealing [14], an increase in the magnetic

field strength [15], the use of ZnO:Ga buffer layer

[16], excess of Zn or carbon in ceramics generating

additional intrinsic donor defects such as oxygen

vacancies (VO) [17], co-doping with hydrogen, which

contributes to a higher concentration of VO donors

[18] and a formation of metal impurity-H-O shal-

low donor defects [19].

Co-doping with III-valence metals and halogens is

one of the most promising approaches to improve the

Al-doping efficiency and conductive properties of

ZnO:Al films. A decrease in the resistivity by 2 times

to 2.9 9 10–4 X�cm (350 nm film thickness, 200 �C
temperature deposition) was reported for ZnO:Al:F

thin films, compared to simple doping with Al [11].

At the same time, similar films with improved con-

ductive properties were obtained by co-doping with

Ga ? F [20] and Ga ? Cl [21]. The additional halogen

impurity contributes to a better incorporation of the

metal impurity into the ZnO lattice as shallow donors

[10, 21]. This effect can be explained by the chemical

interaction of halogens and the main (metal) impurity

atoms. The volatile halides (AlF3, GaF3, GaCl3)

resulting from this interaction should have a signifi-

cantly higher mobility and surface migration length

compared to the corresponding oxides. The metal

atoms bounded with halogens have a higher proba-

bility to be incorporated into the ZnO lattice as

shallow donors [21].

The goal of this study consist in: (i) the develop-

ment a new low-temperature sintering technology for

Al-doped ZnO ceramics using CVT based on HCl; the

resulting ceramic targets sintered in an oxygen-free

gas medium should have some stoichiometric devi-

ation (Zn excess), which improves the conductive

properties of thin films; (ii) comparative analysis of

ZnO CVT ceramics doped with Al, Ga, In; (iii) theo-

retical and experimental investigation of effect of

additional chlorine impurity (interaction between Al

and Cl during film deposition) and comparison with

other co-doping results.

82 Page 2 of 11 J Mater Sci: Mater Electron (2023) 34:82



Funding

This work was funded by National Agency for

Research and Development of Moldova under the

project No. 20.80009.5007.16 (Photosensitizers for

applications in pharmaceutical medicine and

photovoltaics).

Data availability

This manuscript has noassociated data.

Declarations

Conflict of interest The authors have no relevant

financial or non-financial interests to disclose.

References

1. K. Ellmer, A. Klein, B. Rech. Transparent Conductive Zinc

Oxide (Springer-Verlag, Berlin Heidelberg, 2008)

2. J.H. Scofieid, J. Gaumer, D.N. Sethna, C.V. Kelly, M. Hick-

ner, J. Wingert, M.H.-C. Jin, J.E. Dickman, A. F. Hepp.

Transparent conducting ZnO films by reactive dc magnetron

sputtering from metallic targets. Proceeding of 19th European

photovoltaic solar energy conference, June 2004, Paris,

France

3. J. Liu, W. Zhang, D. Song, Q. Ma, L. Zhang, H. Zhang, X.

Ma, H. Song, Comparative study of the sintering process and

thin film sputtering of AZO, GZO and AGZO ceramics tar-

gets. Ceram. Int. 40, 12905 (2014)

4. Yu.-H. Chou, J.L.H. Chau, W.L. Wang, C.S. Chen, S.H.

Wang, C.C. Yang, Preparation and characterization of solid-

state sintered aluminum-doped zinc oxide with different alu-

mina contents. Bull. Mater. Sci. 34, 477 (2011)

5. J.-W. Lee, C. Jin, S.-J. Hong, S.-K. Hyun, Microstructure and

density of sintered ZnO ceramics prepared by magnetic

pulsed compaction. Adv. Mater. Sci. Eng. 2018, 2514567

(2018)

6. N. Boonyopakorn, R. Rangkupan, T. Osotchan, Preparation

of aluminum doped zinc oxide targets and RF magnetron

sputter thin films with various aluminum doping concentra-

tions. Songklanakarin J. Sci. Technol. 40, 824 (2018)

7. F.-K. Chen, D.-C. Tsai, Z.-C. Chang, E.-C. Chen, F.-S. Shieu.

Influence of Al content and annealing atmosphere on opto-

electronic characteristics of Al:ZnO thin films. Appl. Phys. A

126, 743 (2020)

8. G.V. Colibaba, Halide-carbon vapor transport of ZnO and its

application perspectives for doping with multivalent metals.

J. Solid State Chem. 266, 166 (2018)

9. G.V. Colibaba, Sintering highly conductive ZnO:HCl

ceramics by means of chemical vapor transport reactions.

Ceram. Int. 45, 15843 (2019)

10. G.V. Colibaba, D. Rusnac, V. Fedorov, P. Petrenko, E.V.

Monaico, Low-temperature sintering of highly conductive

ZnO:Ga:Cl ceramics by means of chemical vapor transport.

J. Eur. Ceram. Soc. 41, 443 (2021)

11. F.-H. Wang, C. Chiao-Lu, Effect of substrate temperature on

transparent conducting Al and F co-doped ZnO thin films

prepared by RF magnetron sputtering. Appl. Surf. Sci. 370,

83 (2016)

12. R. Ramos, M. Chaves, E. Martins, S.F. Durrant, E.C. Rangel,

T.F. da Silva, J.R.R. Bortoleto, Growth evolution of AZO thin

films deposited by magnetron sputtering at room temperature.

Mater. Res. 24,e20210052 (2021)

13. A. Kh, A. Abduev, A.K. Sh. Asvarov, R.M. Akhmedov, V.V.

Emirov, Belyaev, UV-assisted growth of transparent con-

ducting layers based on zinc oxide. Tech. Phys. Lett. 43, 1016

(2017)

14. C.A. Gupta, S. Mangal, U.P. Singh, Impact of rapid thermal

annealing on structural, optical and electrical properties of DC

sputtered doped and co-doped ZnO thin film. Appl. Surf. Sci.

288, 411 (2014)

15. M. Miyazaki, K. Sato, A. Mitsui, H. Nishimura. Properties of

Ga-doped ZnO films. J. Non-cryst. Solids 218, 323 (1997)

16. J. Nomoto, H. Makino, T. Nakajima, T. Tsuchiya, T. Yama-

moto, Improvement of the properties of direct-current mag-

netron-sputtered Al-doped ZnO polycrystalline films

containing retained Ar atoms using 10-nm-thick buffer layers.

ACS Omega 4, 14526 (2019)

17. A. Kh, A.K. Abduev, A. Akhmedov, Sh, Asvarov. Trans-

parent conducting ZnO-based thin films deposited by mag-

netron sputtering of a ZnO:Ga-C composite targets. Tech.

Phys. Lett. 40, 618 (2014)

18. F.-H. Wang, C.-F. Yang, J.-C. Liou, I.-C. Chen, Effects of

hydrogen on the optical and electrical characteristics of the

sputter-deposited Al2O3-doped ZnO thin films. J. Nanomate-

rials 2014, 857614 (2014)

19. B. Han, J. Song, J. Li, Y. Guo, B. Dai, X. Meng, W. Song, F.

Yang, Y. Wang, Fabrication of chemically stable hydrogen-

and niobium-codoped ZnO transparent conductive films. RSC

Adv. 9, 12681 (2019)

20. Q. Shi, K. Zhou, M. Dai, S. Lin, H. Hou, C. Wei, F. Hu,

Growth of high-quality Ga-F codoped ZnO thin films by mid-

frequency sputtering. Ceram. Inter 40, 211 (2014)

82 Page 10 of 11 J Mater Sci: Mater Electron (2023) 34:82



21. G.V. Colibaba, D. Rusnac, V. Fedorov, E.I. Monaico, Effect

of chlorine on the conductivity of ZnO:Ga thin films. J. Mater.

Sci.: Mater. Electron 32, 18291 (2021)

22. G.V. Colibaba, ZnO:HCl single crystals: thermodynamic

analysis of CVT system, feature of growth and characteriza-

tion. Solid State Sci. 56, 1 (2016)

23. G.V. Colibaba, ZnO doping efficiency by multivalent metals

in complex CVT reactions. Solid State Sci. 97, 105944 (2019)

24. V.P. Glushko, Thermodynamic Properties of Individual

Substances (Nauka Publishing House, Moscow, 1978)

25. R.A. Lidin, Constants of Inorganic Substances (Drofa Pub-

lishing House, Moscow, 2008)

26. G. Haacke, New figure of merit for transparent conductors.

J. Appl. Phys. 47, 4086 (1976)

27. G.V. Colibaba, A. Avdonin, I. Shtepliuk, M. Caraman, J.

Domagała, I. Inculet, Effects of impurity band in heavily

doped ZnO:HCl. Phys. B: Condenced matter 553, 174 (2019)

28. T. Potlog, D. Rusnac, G. Colibaba, L. Ghimpu, M. Dobromir,

D. Luca, Modification of nanosized Ga-doped ZnO/ITO

bilayer films by annealing in various environments. A pos-

sible route for enhanced UV photodetectors. SSSR preprint

(2022). https://doi.org/10.2139/ssrn.4051532

29. A.Kh Abduev, A.K. Akhmedov, A.Sh. Asvarov, A.A.

Abdullaev, S.N. Sulyanov, Effect of growth temperature on

properties of transparent conducting gallium-doped ZnO

films. Semiconductors 44, 32 (2010)
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