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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 



2 Preliminary thermodynamic notes

The saturated vapor pressure of many oxides is very

low. This factor lead to a low dissolution rate of oxide

dopants, when ZnO ceramics is sintered at low

temperatures (*1000 �C) in air or inert gas atmo-

sphere. The intensive interaction between ZnO and

HCl generates ZnCl2 and H2O vapors [8, 22]. ZnCl2
vapors act as a transport agent (TA) for some oxides,

increasing the dissolution rate of the corresponding

dopants in ZnO at low-temperature sintering [8, 23].

The main reactions of the ZnO-Al2O3-HCl CVT

system are the following:

ZnOþ 2HCl g
� �

$ ZnCl2 g
� �

þH2O g
� �

ð1Þ

Al2O3 þ 3ZnCl2 g
� �

$ 2AlCl3 g
� �

þ 3ZnO ð2Þ

Figure 1a shows the calculated composition of the

ZnO-Al2O3-HCl CVT system, for the initial pres-

sure of HCl (HClo) of 1 atm at the sintering temper-

ature. Examples of thermodynamic calculations are

shown in Ref. [23]. The presence of ZnCl2 and H2O

vapors promotes sintering ZnO ceramics by means of

CVT [9]. The saturated vapor pressure of Al2O3 at

1000 �C is about 10–32 atm [24]. AlCl3 vapor pressure

is 24 orders of magnitude higher (7.0 9 10–9 atm at

1000 �C, HClo = 1 atm) in the ZnO-Al2O3-HCl CVT

system. However, this pressure is relatively low for

an effective doping with Al. Therefore, Al2O3

nanopowder should be recommended as a dopant for

better dissolution in ZnO ceramics. For comparison,

GaCl3 and InCl3 vapor pressure reaches a value of

1.0 9 10–3 and 1.4 9 10–2 atm, respectively, in the

ZnO-Ga2O3 (In2O3)-HCl CVT systems (Fig. 1a,

inset).

The main reactions of the ZnO-Al-HCl CVT

system are the following:

ZnOþ 2HCl g
� �

$ ZnCl2 g
� �

þH2O g
� �

ð3Þ

2Alþ 3ZnCl2 g
� �

$ 2AlCl3 g
� �

þ 3Zn g
� �

ð4Þ

2AlCl3 g
� �

þ 3ZnO $ Al2O3 þ 3ZnCl2 g
� �

ð5Þ

Zn g
� �

þH2O g
� �

$ ZnOþH2 ð6Þ

Figure 1b shows the calculated composition of the

ZnO-Al-HCl CVT system, for the initial HCl

pressure of 1 atm and the loaded quantity of Al

corresponding to 0.17 atm at the sintering tempera-

ture. Loaded Al should completely transform into

gaseous AlCl3, which, diffusing and interacting with

ZnO particles, should almost completely turn into

Al2O3 (Eqs. 4, 5). The equilibrium pressure of AlCl3
should be relatively low. Zn vapors and H2 should

also be present in this CVT system according to

Eqs. 4, 6.

The ZnO-Al2O3-HCl and ZnO-Al-HCl CVT

systems do not contain oxygen. ZnO CVT ceramics

should have some Zn excess, intrinsic donor defects,

which contributes to a higher free electron concen-

tration and conductivity of thin films [17, 18]. At the

same time, the interaction of Al2O3 and ZnCl2 vapors

should be very weak at the low temperatures typical

for magnetron sputtering deposition (100

�C-300 �C). The corresponding calculation shows

that the equilibrium (thermodynamic) fraction of Cl

atoms bound with Al impurity atoms on the surface

of growing ZnO films is as low as 7.5 9 10- 25 at

temperature of 120 �C, ZnCl2 and Zn vapor pressure

of 10- 8 atm, and Al concentration of 2 at.%. For

comparison, under the same conditions, the fraction

of Cl atoms bound with Ga and In impurity atoms

should reach values of 0.22 and 0.99, respectively.

Thus, HCl can be a promising TA for the low-

temperature sintering ZnO:Al ceramics. However,

Fig. 1 Temperature dependence of composition for

a ZnO-Al2O3-HCl and b ZnO-Al-HCl CVT systems. HClo

= 1 atm, Alo = 0.17 atm. Inset illustrates a comparison of MeCl3
pressures for ZnO-Me2O3-HCl CVT systems (Me = Al, Ga, In).

The composition calculations are based on the thermodynamic

data from Refs. [24, 25]

J Mater Sci: Mater Electron           (2023) 34:82 Page 3 of 11    82 



the interaction of Al2O3 with the gaseous medium

should be relatively weak. Therefore, Al2O3

nanopowder or metallic Al powder should be rec-

ommended as dopants. The ZnO:Al:Cl CVT ceramics

should have some stoichiometric deviation, which

contributes to a higher charge carrier concentration of

thin films. At the same time, the reaction of Al2O3-

? ZnCl2 should be weak at low temperatures typical

for magnetron sputtering; consequently, the effect of

the residual Cl impurity on the conductive properties

of ZnO films can be relatively low.

3 Experiment

ZnO:Al:Cl ceramics were sintered in sealed quartz

chambers at 1070 �C for 48 h. A ZnO ? Al2O3 or

ZnO ? Al mixed powder was loaded onto the flat

bottom of chambers. For many experiments, powder

compacting with a low pressure of 5 atm was

applied. Several comparative experiments were also

carried out with compacting at a higher pressure of

90 and 150 atm. Before loading TA, the sintering

chamber (material) was purified by annealing in a

dynamic vacuum of 10- 5 atm for 10 min. The tech-

nological details of sintering were described in details

in Ref. [9]. A ZnO powder (99.98%) with a particles

size of 30-100 lm was used as the source material.

Three types of powders were used as dopant:

(i) Al2O3 (99.5%) micropowder with a particles size of

50-100 lm; (ii) Al2O3 (99.8%) nanopowder with a

particles size of 20-50 nm; and (iii) micropowder of

Al (99.8%) with a particles size of 20-50 lm. These

three types of dopants will be labeled in this work as

AOm, AOn, and Am, respectively. The loaded con-

centration of Al in ceramics ([Al]/([Al]?[Zn])) was

varied in a range of 0-6 at.%. To change the stoi-

chiometric deviation of the ZnO:Al ceramics, several

samples were additionally annealed in air and in

saturated Zn vapors (800 �C, 18 h). Several experi-

ments were also carried out for obtaining ZnO:In:Cl

CVT ceramics (In2O3 dopant powder: 99.99%,

20-30 lm, 2-6 at.% In). Hydrogen chloride was used

as a TA with a loading pressure of 2 atm at the sin-

tering temperature. The sintered ceramics are char-

acterized by the typical dimension of 2 mm in

thickness and 25 mm in diameter.

ZnO:Al:Cl thin films were deposited on glass

substrates by DC magnetron sputtering using the

synthesized ZnO:Al:Cl ceramic samples as the

targets. With the purpose of comparison, several thin

films were deposited using classical ZnO:Al ceramic

targets sintered in air or inert gas atmosphere. Argon

with a purity of 99.998% and a pressure of

4 9 10- 6 atm was used as the working gas. The

substrate–target distance and the magnetron power

were 5 cm and 10 W, respectively. The deposition

temperature was varied in a range of 120 �C-250 �C.
The thickness of the deposited ZnO:Al:Cl films was

about 600-650 nm. Additional post-growth anneal-

ing of films was not performed in any of the cases.

All obtained ceramic samples were purified by

annealing in a dynamic vacuum at 300 �C for 30 min,

prior to the study of electrical properties. The resis-

tivity (q), charge carrier concentration (n), and Hall

mobility (l) of ceramics and thin films were calcu-

lated from the Hall effect measurements by van der

Pauw method. 2H X-ray diffraction (XRD) spectra,

recorded using FeKa radiation (1.936 Å), were used to

analyze the crystallinity of the samples. The mor-

phology and chemical composition microanalysis

were studied using a TESCAN Vega TS 5130MM

scanning electron microscope (SEM) equipped with a

back scattered electron (BSE) detector and an Oxford

Instruments INCA energy dispersive X-ray analysis

system. To evaluate the thermal stability of conduc-

tive properties, ZnO:Al:Cl ceramics were annealed in

a temperature range of 20 �C-400 �C in a dynamic

vacuum for 30 min. The transmittance spectra of the

thin films were studied in the 300-1000 nm spectral

range. All measurements were carried out at room

temperature (25 �C). The standard deviation for val-

ues of q, sheet resistance (Rs) and average transmit-

tance in a visible spectral range (Trav) was 2%. The

error bars for graphs containing q values are smaller

than the symbols used in plotting the data. The

density (d) of ceramic samples, figure of merit FM :
Trav

10/Rs of thin films [26], and impurity concentra-

tion in ceramics were measured with an error of 10%.

The error of other values (hardness (H), n, l for

ceramics and thin films) was 30%.

4 Experimental results and discussion

4.1 ZnO:Al:Cl ceramics

HCl can be used as an effective TA for the low-tem-

perature sintering of ZnO:Al:Cl ceramics with a

diameter of at least 25 mm (Fig. 2). When Al2O3
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micropowder (AOm dopant) is used, the resulting

material contains microinclusions with a high Al

concentration (* 12 at.%) (Fig. 3a). XRD measure-

ments revealed intensive peaks characteristic for ZnO

and several peaks related to ZnAl2O4 spinel phase as

seen in Fig. 4a. The intensity of ZnAl2O4 peaks

increases with increasing the doping level (Fig. 4,

inset). To provide a better dissolution of Al2O3 in

ZnO, an Al2O3 nanopowder must be used. As it can

be seen from Fig. 4b, the intensity of XRD peaks

related to the ZnAl2O4 spinel phase is 2-3 times

lower in the case of AOn dopant. Some residual

powder with an average Al concentration of about 12

at.% is observed in SEM images of ZnO ceramics

doped by AOn (Fig. 3b, small gray particles). The

most uniform material without significant Al, Al2O3

or ZnAl2O4 inclusions can be obtained using metallic

Al (Fig. 3c). XRD measurements revealed several

weak peaks related to the spinel phase in the case of

Am dopant (Fig. 4c). It is expected that ZnAl2O4 is

concentrated at the boundaries of ZnO crystallites.

The density and hardness of ZnO ceramics

obtained using CVT based on HCl are 5.1 g/cm3

(91% relative density) and 2.0 GPa, respectively [9].

The density of ZnO ceramics obtained under the

same conditions and doped with Al (2 at.%) is sig-

nificantly lower, about 4.0 g/cm3 (Fig. 5a). The

hardness of ZnO:Al:Cl ceramics was found to be also

lower, of about 1.1 GPa. Thus, Al2O3 and ZnAl2O4

undissolved dopant inclusions slow down the sin-

tering rate of ceramics in the case of ZnO-Al2O3--

HCl CVT systems. Non-equilibrium AlCl3 vapors in

the ZnO-Al-HCl CVT systems, formed by the

interaction of metallic Al and ZnCl2, should interact

with ZnO (Eqs. 4, 5). Obviously, in the case of

ZnO-Al-HCl CVT systems, the initial ZnO particles

are covered with a thin layer of Al2O3 or ZnAl2O4,

which suppresses further sintering and reduces the

density of the obtained material. The increase in the

doping level up to 6 at.% significantly reduces the

density of the resulting material at any used dopant

(Fig. 5a).

The unintentionally doped ZnO:Cl ceramics are

characterized by the following electrical parameters:

q = 3.5 9 10–2 X�cm, n = 6 9 1018 cm–3, and l = 30

cm2/Vs (Fig. 5, open symbols) [10]. These conductive

properties are attributed to the residual Cl impurity

(with concentration of about 4 9 1019 cm-3 [27, 28])

and intrinsic donor defects such as oxygen vacancies.

The charge carrier concentration is 2-3 times higher in

ZnO:Al:Cl ceramics (2 at.% Al) (Fig. 5c). At the same

time, the presence of Al2O3 and ZnAl2O4 inclusions

significantly reduces the charge carrier mobility

(Fig. 5d) due to the decrease in the ceramic density

(Fig. 5a). The increase in the doping level is accompa-

niedbyadecrease in thedoping efficiency (Fig. 5c) and

charge carrier mobility (Fig. 5d), which leads to an

increase in the resistivity at any used dopant (Fig. 5b).

For sintering more conductive ceramics, the initial

powder can be compacted under high pressure. The

increase in compacting pressure from 5 to 150 atm

increases the density of ZnO:Al:Cl ceramics (AOn

dopant, 2 at.% Al) to 4.3 g/cm3 and reduces resis-

tivity to 1.1 9 10-2 X cm (Fig. 5a, inset). Additional

annealing of this ceramics in Zn vapors does not

significantly affect the stoichiometric deviation and

concentration of intrinsic donor defects; resistivity

after this annealing slightly decreases from

1.1 9 10-2 X cm to 9.5 9 10-3 X cm (Fig. 5b, inset).

Thus, ZnO:Al:Cl CVT ceramics sintered with HCl is

saturated by Zn. This effect is important for electrical

properties of ZnO:Al thin films (Sect. 4.2). At the

same time, annealing in air suppresses Zn excess in

ceramics, lowers concentration of VO, and increases

density of zinc vacancies acting as compensating

acceptor defects. As a consequence, the resistivity

increases to 126 X�cm. This effect of annealing in air

was previously observed for ceramics and ZnO thin

films [9, 29]. Annealing in vacuum at 400 �C for

30 min leads to a twofold decrease in the electrical

resistance of the ceramic samples (Fig. 5c, inset). This

is attributed to cleaning surface from salts (chlorides),

adsorbed gases and water. Thus, the investigated

ceramics can be used as stable highly conductive

targets for a high-power magnetron sputtering in

vacuum.

The proposed sintering method has several

important advantages. (i) The decrease in the sinter-

ing temperature to 1070 �C owing to a rapid growthFig. 2 ZnO:Al:Cl ceramic target (AOn dopant, 2 at.% Al)
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of ZnO microcrystals due to CVT based on HCl [9].

(ii) The absence of deviation in the diameter of the

ceramics; about 99 ± 1% of the initial diameter can be

achieved. (iii) The low cost of Al micropowder used

as a dopant. (iv) The presence of Zn excess in

ceramics, leading to enhanced electrical properties of

ZnO:Al thin films (Sect. 4.2).

The interaction of In2O3 and ZnCl2 vapors is too

intensive. The condensate of indium chlorides was

observed on walls of the sintering chamber after

annealing ZnO ? In2O3 powder in the presence of

HCl. Obviously, this interaction is more intense than

the thermodynamic estimations (Sect. 2) due to the

presence of unconsidered complex chlorides, such as

In4Cl7, In2Cl3, In3Cl4 or substances formed by inter-

action of indium chlorides and H2O. Therefore, there

is an essential loss of In2O3 dopant, which reaches

79%. The sintering ZnO powder is carried out with

the participation of ZnCl2 vapors (Eq. 1). The dense

medium of indium chlorides suppresses ZnCl2 vapor

pressure; consequently, the resulting ZnO:In:Cl

material (2 at.% In) is characterized by a relatively

low density and hardness of about 3.7 g/cm3 and 0.5

GPa, respectively, as well as by a high resistivity of

5.1 9 10-2 X cm. The XRD spectrum contains pre-

ponderantly peaks related to ZnO; several weak

peaks attributed to Zn7In2O10 are also observed at a

Fig. 3 Top-view SEM images

registered with BSE detector

of ZnO:Al:Cl ceramics doped

with a AOm, b AOn, and

c Am (2 at.% Al). The

concentration of Al in impurity

precipitations is indicated

Fig. 4 Normalized XRD spectra of ZnO ceramics doped with

(a) AOm, (b) AOn, and (c) Am (2 at.% Al). Inset illustrates the

spectra of ceramics doped with AOn; Al concentration is indicated

in at.%

Fig. 5 The effect of the dopant concentration on the a density,

b resistivity, c charge carrier concentration, and d electron

mobility of ceramics. Insets: a density and resistivity of

ceramics as a function of compacting pressure, b effect of

annealing on the resistivity of ceramics, c influence of the

annealing temperature in a vacuum upon electrical resistance of

ceramics (AOn dopant, 2 at.% Al, open symbol corresponds to as-

sintered ceramics)
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maximum doping level of 6 at.% (Fig. 6a). Essential

dopant inclusions are not observed (Fig. 6b).

Comparative analysis of ZnO CVT ceramics doped

by Al, Ga and In is presented in Table 1 containing

also concentration of loaded dopant ([Me]load) and

relative amount of metal impurity present in the

ceramics after the sintering process ([Me]/[Me]load).

These results corroborate the thermodynamic esti-

mations discussed in Sect. 2. (i) The dissolution rate

of Al2O3 by the CVT based on HCl is essentially

lower compared to Ga or In impurities. Undissolved

dopant inclusions decrease density, hardness and

conductivity of ZnO ceramics. High compacting

pressure is necessary to obtain more conductive

ceramics. Al solubility limit in ZnO ceramics B 2

at.%, which corresponds to many previous works [6].

The loss of Al2O3 dopant during CVT sintering is

negligible. (ii) The solubility limit of Ga is about 5

at.% [10]. The loss of Ga2O3 dopant after sintering is

13%. The most conductive ZnO:Ga:Cl ceramics with

loading 3 mol % Ga2O3 has the following parameters:

q = 1.5 9 10–3 X�cm, n = 5.4 9 1019 cm–3, l = 80 cm2/

Vs and density of 5.3 g/cm3 [10]. The intensity of

Ga2O3 ? ZnCl2 reaction and dissolution rate of

Ga2O3 by the CVT based on HCl is relatively high;

Ga2O3 micropowders with the particles size of

10-50 lm can be effectively used as a dopant [10].

(iii) The intensity of In2O3 ? ZnCl2 interaction is too

high. For a decrease in the loss of In2O3 dopant

(*79%), different TAs should be used.

Thus, HCl-based CVT can be proposed as an

alternative technique for obtaining stable and highly

conductive ZnO:Al ceramic targets with Zn excess

using metallic Al or Al2O3 nanopowder as dopants.

Due to the solubility limit of Al in ZnO, the too weak

interaction between Al2O3 and HCl, and the rela-

tively low dissolution rate of Al2O3, the recom-

mended doping level is about 2 at.%. A further

increase in the doping level significantly reduces the

density of the resulting material.

4.2 ZnO:Al:Cl thin films

XRD measurements of ZnO:Al:Cl thin films reveal an

intensive (002) reflection peak (Fig. 7a), confirming

the high structural quality of the obtained films. The

average transparency of the films in the visible

spectral range is 81%, being close to the value of films

obtained from unintentionally doped ZnO:Cl ceram-

ics (Fig. 7b). The optical band gap energy of ZnO:Cl

films is 3.32 eV, which is close to the band gap energy

of undoped ZnO [1, 30, 31]. For the most conductive

ZnO:Al:Cl samples (deposited at 150 �C-200 �C, 2

at.% Al, AOn dopants), the optical band gap energy

reaches the value of 3.63 eV (Fig. 7b). The observed

optical band gap shift caused by the well–known

Burstein–Moss effect [32] is equal to 310 meV. This

indicates the high free electron concentration in

Al-doped ZnO films.

The influence of various technological factors on

the electrical properties of ZnO:Al:Cl thin films is

summarized in Fig. 8. ZnO films deposited using

ZnO:Al:Cl ceramic targets doped with AOm have a

relatively high value of resistivity (1.3 9 10-3 X cm)

and low value of figure of merit (5 kX-1) (Fig. 8a).

This effect is attributed to the weak sputtering of

Al2O3 or ZnAl2O4 dielectric inclusions (DC mag-

netron sputtering) present in targets (Fig. 3a). The use

of AOn dopant for ceramics is more promising;

resistivity of corresponding thin films decreases to 5.1

9 10-4 X cm, and figure of merit increases to 16 kX-1.

ZnO thin films with similar electrical properties can

be obtained using ceramic targets doped with a pure

Al micropowder (Fig. 8a).

ZnO films deposited using an unintentionally

doped ZnO:Cl ceramics have a low value of resis-

tivity and free carrier concentration (4.0 9 10- 3 X cm

and 4 9 1019 cm-3, respectively). This is caused by

the low concentration of residual donors and Cl

impurity in the used targets ( * 4 9 1019 cm-3 [28]).

Adding 2 at.% Al (AOn dopant) increases value of n
Fig. 6 a XRD spectrum and b top-view SEM image registered

with BSE detector of ZnO:In:Cl ceramic surface (6 at.% In)
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to 5 9 1020 cm-3, causing the decrease in resistivity

to 5.1 9 10-4 X cm. A further increase in Al concen-

tration in targets has no essential effect on the con-

ductive properties of ZnO films (Fig. 8b) being

attributed to the limited solubility of Al.

The influence of the deposition temperature is

shown in Fig. 8c. ZnO:Al:Cl thin films deposited at

120 �Chave a relatively low value of n (3 9 1020 cm-3)

and high resistivity of 7.3 9 10-4X cm. The increase in

the deposition temperature to 150 �C-200 �C con-

tributes to a better incorporation of Al impurity, an

increase in concentration and mobility of charge car-

riers (5 9 1020 cm-3 and 26 cm2/Vs, respectively),

leading to a decrease in resistivity to 4.5 9 10-4 X cm.

A further increase in the deposition temperature up to

250 �C slightly decreases concentration and mobility

of free electrons, increasing value of q to 6.1 9 10- 4 X
cm. Similar temperature dependences were observed

by authors of Ref. [33], attributed to the formation ofAl

precipitations in thin films deposited at

temperatures C 200 �C.
The effect of ceramic targets, obtained in various

gaseous media, is analyzed in Fig. 8d. The use of

classical ZnO:Al ceramic targets (2 at.% Al, AOn

dopant) sintered in air gives the possibility to deposit

thin films with a relatively high q value of 9.2 9 10-4

X cm, and low FM value of 8 kX-1 (200 �C deposi-

tion). Such ceramic targets should have a negligibly

small Zn excess (Sects. 1, 4.1). ZnO:Al ceramic targets

sintered in inert gas atmosphere should have a higher

concentration of intrinsic donor defects related to Zn

excess. Thin films deposited using such ceramics are

characterized by higher conductivity, concentration

and mobility of charge carriers: q = 4.9 9 10-4 X cm,

FM = 18 kX-1 (Fig. 8d). ZnO:Al:Cl CVT ceramics

sintered using HCl have the same Zn excess and

residual Cl impurity. ZnO films obtained using this

type of ceramics and co-doped with Cl have similar

electrical properties (Fig. 8d). Thus, the interaction of

Cl and Al impurities is relatively low at the deposi-

tion process and has no significant effect upon the

properties of ZnO thin films. This result differs from

Ga ? Cl co-doping leading to a decrease in the

resistivity of films by 2 times [21]. The resistivity of

ZnO:In:Cl thin films deposited using CVT ceramic

targets is as high as 6.4 9 10-3 X cm, which is

attributed to the high loss of In2O3 dopant in the

sintering process (Sect. 4.1).

5 Conclusion

The chemical vapor transport based on HCl can be

proposed as an alternative technological approach for

sintering ZnO:Al:Cl ceramics using metallic Al or

Al2O3 nanopowder as dopants. The advantages of the

proposed method consists in: (i) the decrease in the

sintering temperature to 1070 �C; (ii) the absence of

deviation in the diameter of ceramics; (iii) control-

lable Zn excess in ceramics; (iv) the low cost of Al

micropowder, which can be used as a dopant. The

conductive properties of ZnO:Al:Cl ceramics are

sensitive to powder compacting pressure and to sto-

ichiometric deviation. The density of 4.3 g/cm3 and

resistivity of 9.5 9 10–3 X cm are reached using

150 atm compacting pressure and Zn excess in

ceramics.

Table 1 The main parameters

of the most conductive ZnO

CVT ceramics doped with Al,

Ga and In (compacting

pressure 5 atm)

Ceramics [Me]load, at.% d, g/cm3 H, GPa q, 10- 2 X cm [Me]/[Me]load

ZnO:Cl – 5.1 2.0 3.5 –

ZnO:Al:Cl 2 (AOn dopant) 4.0 1.1 1.8 0.99

ZnO:Ga:Cl 6 5.3 2.5 0.15 0.87

ZnO:In:Cl 2 3.7 B0.5 5.1 0.21

Fig. 7 a XRD spectrum and b transmittance spectrum of

ZnO:Al:Cl thin film (ceramic target doped with AOn, 2 at.% Al;

dashed line corresponds to the undoped film)

   82 Page 8 of 11 J Mater Sci: Mater Electron           (2023) 34:82 



The theoretical and experimental comparative

analysis of sintering ZnO:Me:Cl CVT ceramics

(Me = Al, Ga, In) has been carried out. The interac-

tion between Al2O3 and ZnCl2 (HCl) and dissolution

rate of dopant are relatively weak, the solubility of Al

in ZnO ceramics is limited, and the recommended

doping level is about 2 at.%. A further increase in the

dopant concentration significantly reduces the den-

sity and conductivity of the resulting material. The

loss of Al2O3 dopant during CVT sintering is negli-

gibly small. The intensity of interaction between

In2O3 and ZnCl2 is too high; the loss of In2O3 dopant

is about 79%, and resistivity of ZnO:In:Cl CVT

ceramics is as high as 5.1 9 10-2 X cm. It was

established that Ga2O3 is the most suitable dopant for

CVT sintering ZnO ceramics. The moderate interac-

tion of Ga2O3 with ZnCl2 (HCl), the high solubility

limit and dissolution rate of Ga2O3 in ZnO contribute

to obtaining of ceramics with a density of 5.3 g/cm3

and resistivity as low as 1.5 9 10–3 X cm.

ZnO:Al:Cl CVT ceramics can be used as magnetron

targets to deposit ZnO thin films with a resistivity of

at least 4.5 9 10–4 X cm and a value of figure of merit

of 16 kX-1 (650 nm thickness, 150 �C-200 �C depo-

sition). Zn excess in ZnO:Al:Cl ceramic targets con-

tributes to a decrease in the resistivity of thin films by

2 times. The interaction of Cl and Al in the deposition

process is too weak; the presence of the residual Cl

impurity in targets has no significant effect on the

conductive properties of the deposited films.

Author contributions

Contribution of GVC is thermodynamic calculations,

ceramic sintering, thin film deposition, theoretical

and experimental analysis, and manuscript prepara-

tion; DR, NC and OS investigated optical/electrical

properties, XRD, and ceramic hardness, respectively;

contribution of EVM is SEM and EDX measurements.

Fig. 8 Resistivity, charge

carrier concentration and

mobility, as well as figure of

merit for ZnO:Al:Cl thin films

as a function of a dopant

powder, b concentration of Al,

c deposition temperature, and

gaseous medium of sintering

ceramic target in (d)

J Mater Sci: Mater Electron           (2023) 34:82 Page 9 of 11    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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