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ABSTRACT

A new technological approach for sintering Al-doped ZnO ceramics using
chemical vapor transport (CVT) based on HCI 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 Al,O3; 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 x
10 Q 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.
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several type of targets are used for deposition, such
as Zn targets partially coated with Al [2], Zn + Al

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,

Address correspondence to E-mail: GKolibaba@yandex.ru

https:/ /doi.org/10.1007 /s10854-022-09458-1
Published online: 12 January 2023

alloy targets [2], ZnO:Al,O5 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 x 10~ * Q cm and a density of 5.6 g/
cm® 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 HCI, 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
HCI; a high pressure of gaseous species involved in
CVT reactions (ZnCl, and H,O 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
(05-2) x 107 ° Q 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%
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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 Ill-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 x 10* Qcm (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 + C1[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 (AlF;, GaF;, GaCly)
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 HCI; 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.
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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 ZnCl, and H,O vapors [8, 22]. ZnCl,
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-Al,O;—HCI CVT
system are the following:

ZnO + 2HCI(g) < ZnCl(g) + H,O(g) (1)

ALO; + 3ZnCl (g) < 2A1CL (g) + 3ZnO (2)

Figure 1a shows the calculated composition of the
ZnO—Al,O3;—HCI CVT system, for the initial pres-
sure of HCI (HCI®) of 1 atm at the sintering temper-
ature. Examples of thermodynamic calculations are
shown in Ref. [23]. The presence of ZnCl, and H,O
vapors promotes sintering ZnO ceramics by means of
CVT [9]. The saturated vapor pressure of AlL,O; at
1000 °C is about 10* atm [24]. AICl; vapor pressure
is 24 orders of magnitude higher (7.0 x 107 atm at
1000 °C, HCI° = 1 atm) in the ZnO—AL,O;—HCI CVT
system. However, this pressure is relatively low for
an effective doping with Al Therefore, AlOj;
nanopowder should be recommended as a dopant for
better dissolution in ZnO ceramics. For comparison,
GaCl; and InCl; vapor pressure reaches a value of
1.0 x 10° and 1.4 x 107 atm, respectively, in the
ZnO—-Gay03 (InO3)-HClI CVT systems (Fig. 1a,
inset).

The main reactions of the ZnO—-Al-HCl CVT
system are the following:

ZnO + 2HCI(g) <> ZnCl(g) + H,O(g) (3)
2Al + 3ZnCl (g) < 2AICL(g) + 3Zn(g) (4)
2AICI;(g) + 3ZnO « ALO; + 3ZnCl, (g) (5)
Zn(g) + H,O(g) « ZnO + H, (6)

Figure 1b shows the calculated composition of the
ZnO—Al-HCl CVT system, for the initial HCI
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Fig. 1 Temperature dependence of composition for
a ZnO—Al,0;—HCI and b ZnO—AI-HCI CVT systems. HCI®
=1 atm, Al° = 0.17 atm. Inset illustrates a comparison of MeCl;
pressures for ZnO—Me,O3;—HCI CVT systems (Me = Al, Ga, In).
The composition calculations are based on the thermodynamic
data from Refs. [24, 25]

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 AlCl;, which, diffusing and interacting with
ZnO particles, should almost completely turn into
Al,O5 (Egs. 4, 5). The equilibrium pressure of AICI;
should be relatively low. Zn vapors and H, should
also be present in this CVT system according to
Egs. 4, 6.

The ZnO-Al,O3—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 Al,O3; and ZnCl, 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 x 10~ * at
temperature of 120 °C, ZnCl, 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, HCI can be a promising TA for the low-
temperature sintering ZnO:Al ceramics. However,
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the interaction of Al,O; with the gaseous medium
should be relatively weak. Therefore, AlLOj;
nanopowder or metallic Al powder should be rec-
ommended as dopants. The ZnO:Al:Cl1 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 Al,Os;.
+ ZnCl, 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 + Al,O3 or
ZnO + Al mixed powder was loaded onto the flat
bottom of chambers. For many experiments, powder
compacting with a low pressure of 5atm 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~ ° 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 um was used as the source material.
Three types of powders were used as dopant:
(i) Al,O3 (99.5%) micropowder with a particles size of
50—100 pm; (i) AlLO;z (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 pm. 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 ([All/([Al]l4+[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 (In,O; dopant powder: 99.99%,
20—30 pm, 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:ALCl thin films were deposited on glass
substrates by DC magnetron sputtering using the
synthesized ZnO:Al:Cl ceramic samples as the
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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 x 10~ ® 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:AlL: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 (p), charge carrier concentration (1), and Hall
mobility (u) of ceramics and thin films were calcu-
lated from the Hall effect measurements by van der
Pauw method. 20 X-ray diffraction (XRD) spectra,
recorded using FeK, radiation (1.936 A), 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 p, sheet resistance (Rs) and average transmit-
tance in a visible spectral range (Tr,,) was 2%. The
error bars for graphs containing p values are smaller
than the symbols used in plotting the data. The
density (d) of ceramic samples, figure of merit FM =
Tr.,'°/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, u for
ceramics and thin films) was 30%.

4 Experimental results and discussion
4.1 ZnO:AlL:Cl ceramics

HCI 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 AlLO;
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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 ZnAl,O, spinel phase as
seen in Fig. 4a. The intensity of ZnAl,O, peaks
increases with increasing the doping level (Fig. 4,
inset). To provide a better dissolution of Al,Oj in
Zn0O, an Al,O3; nanopowder must be used. As it can
be seen from Fig. 4b, the intensity of XRD peaks
related to the ZnAlL,O4 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, Al,O3
or ZnAl,Oy 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 ZnAl,O, is
concentrated at the boundaries of ZnO crystallites.
The density and hardness of ZnO ceramics
obtained using CVT based on HCI are 5.1 g/cm’
(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/ cm® (Fig. 5a). The
hardness of ZnO:AIL:Cl ceramics was found to be also
lower, of about 1.1 GPa. Thus, Al,Os; and ZnAl,O,
undissolved dopant inclusions slow down the sin-
tering rate of ceramics in the case of ZnO—Al,O3——
HCl CVT systems. Non-equilibrium AICl; vapors in
the ZnO—Al-HCl CVT systems, formed by the
interaction of metallic Al and ZnCl,, should interact
with ZnO (Egs. 4, 5). Obviously, in the case of
ZnO—AIl-HCI CVT systems, the initial ZnO particles
are covered with a thin layer of AlL,O3; or ZnAl,Oy,
which suppresses further sintering and reduces the
density of the obtained material. The increase in the

1cm i

Fig. 2 ZnO:Al:Cl ceramic target (AOn dopant, 2 at.% Al)
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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:
p=35x1072 Qcm, n=6 x 10® em™, and p =30
cm?/Vs (Fig. 5, open symbols) [10]. These conductive
properties are attributed to the residual Cl impurity
(with concentration of about 4 x 10'° em™2 [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. 5¢). At the same
time, the presence of Al,O3; and ZnAl,O, 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-
nied by a decrease in the doping 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/cm’ and reduces resis-
tivity to 1.1 x 107> Q 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 x 1072 Q cm to 9.5 x 107> Q cm (Fig. 5b, inset).
Thus, ZnO:Al:C1 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 Q-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 growth

@ Springer
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Fig. 3 Top-view SEM images
registered with BSE detector
of ZnO:Al:Cl ceramics doped
with a AOm, b AOn, and

¢ Am (2 at.% Al). The
concentration of Al in impurity
precipitations is indicated
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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.%

of ZnO microcrystals due to CVT based on HCI [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 In,O; and ZnCl, vapors is too
intensive. The condensate of indium chlorides was
observed on walls of the sintering chamber after
annealing ZnO + In,O; powder in the presence of
HCI. Obviously, this interaction is more intense than
the thermodynamic estimations (Sect. 2) due to the
presence of unconsidered complex chlorides, such as
In,Cly, InyCls, InzCly or substances formed by inter-
action of indium chlorides and H,O. Therefore, there
is an essential loss of In,O; dopant, which reaches
79%. The sintering ZnO powder is carried out with
the participation of ZnCl, vapors (Eq. 1). The dense
medium of indium chlorides suppresses ZnCl, 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/cm® and 0.5
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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)

GPa, respectively, as well as by a high resistivity of
5.1 x 1072 Q cm. The XRD spectrum contains pre-
ponderantly peaks related to ZnO; several weak
peaks attributed to Zn;In,O;( are also observed at a
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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]jpaq) and
relative amount of metal impurity present in the
ceramics after the sintering process ([Mel/[Melpaq)-
These results corroborate the thermodynamic esti-
mations discussed in Sect. 2. (i) The dissolution rate
of ALLO; 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 < 2
at.%, which corresponds to many previous works [6].
The loss of Al,O; dopant during CVT sintering is
negligible. (ii) The solubility limit of Ga is about 5
at.% [10]. The loss of Ga,0O5; dopant after sintering is
13%. The most conductive ZnO:Ga:Cl ceramics with
loading 3 mol % Ga,O3 has the following parameters:
p=15x 102 Q-cm, n = 5.4 x 10" em™>, =280 cm?/
Vs and density of 5.3 g/cm® [10]. The intensity of
Ga,O3 + ZnCl, reaction and dissolution rate of
GayO3 by the CVT based on HCI is relatively high;
Ga,O3 micropowders with the particles size of
10—50 um can be effectively used as a dopant [10].
(iii) The intensity of In,O3 + ZnCl, interaction is too
high. For a decrease in the loss of In,O; 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

L arb. un. Zn0

1 0Zn,In,0,, a
L[] L] ]
L[]
0 | 0/l0 O Jl
40 60 80
20, degree

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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using metallic Al or Al,O; nanopowder as dopants.
Due to the solubility limit of Al in ZnO, the too weak
interaction between Al,O; and HCI, and the rela-
tively low dissolution rate of Al,O;, 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 x 107> Q cm)
and low value of figure of merit (5 kQ ') (Fig. 8a).
This effect is attributed to the weak sputtering of
AlL,O5; or ZnAl,O, 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
x 107* Q cm, and figure of merit increases to 16 kQ ™.
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 x 10~ > Q cm
and 4 x 10" cm™, respectively). This is caused by
the low concentration of residual donors and Cl
impurity in the used targets ( ~ 4 x 10" cm™ [28]).
Adding 2 at.% Al (AOn dopant) increases value of n
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Table 1 The main parameters

of the most conductive ZnO Ceramics [Me]ioaq, at.% d, g/em® H, GPa p, 1072 Qcm [Me]/[Melioad
gVT Cderlan?cs dop etd Wil AL o - 5.1 2.0 35 -
aan ‘51 Ct"n)“pac me ZnO:ALCI 2 (AOn dopant) 4.0 1.1 1.8 0.99
pressure > aim Zn0:Ga:Cl 6 5.3 25 0.15 0.87
ZnO:In:Cl 2 3.7 <0.5 5.1 0.21
dopant) sintered in air gives the possibility to deposit
1 (002) thin films with a relatively high p value of 9.2 x 10~*
o Q cm, and low FM value of 8 kQ™' (200 °C deposi-
& a tion). Such ceramic targets should have a negligibly
-

30 40 50 60
20, degree

0+ = ; )
200 400 600 800
2,nm

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)

to 5 x 10°° cm™>, causing the decrease in resistivity
to 5.1 x 107* Q 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:C] thin films deposited at
120 °C have a relatively low value ofn (3 x 10* cm™°)
and high resistivity of 7.3 x 10~*Q 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 x 10*° ecm™® and 26 cm?/Vs, respectively),
leading to a decrease in resistivity to 4.5 x 107* Q cm.
A further increase in the deposition temperature up to
250 °C slightly decreases concentration and mobility
of free electrons, increasing value of p to 6.1 x 10~ *Q
cm. Similar temperature dependences were observed
by authors of Ref. [33], attributed to the formation of Al
precipitations in  thin films deposited at
temperatures > 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

@ Springer

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: p = 4.9 x 107* Q cm,
FM =18 kQ' (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 CI 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 x 107> Q cm, which is
attributed to the high loss of In,O3; dopant in the
sintering process (Sect. 4.1).

5 Conclusion

The chemical vapor transport based on HCI can be
proposed as an alternative technological approach for
sintering ZnO:Al:Cl ceramics using metallic Al or
Al,O3 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/cm® and
resistivity of 9.5 x 10° Q cm are reached using
150 atm compacting pressure and Zn excess in
ceramics.
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Fig. 8 Resistivity, charge

b
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d

) g a 2 at.% Al AOn C AOn AOn
carrier concentration and 200 °C 200 °C 2 at.% Al 2 at.% Al
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dopant powder

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 Al,O5; and ZnCl, (HCI) 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 Al,O; dopant during CVT sintering is negli-
gibly small. The intensity of interaction between
In,O3 and ZnC(l, is too high; the loss of In,O3; dopant
is about 79%, and resistivity of ZnO:In:C1 CVT
ceramics is as high as 5.1 x 107> Q cm. It was
established that Ga,Oj; is the most suitable dopant for
CVT sintering ZnO ceramics. The moderate interac-
tion of Ga,O5; with ZnCl, (HCI), the high solubility
limit and dissolution rate of Ga,O3 in ZnO contribute
to obtaining of ceramics with a density of 5.3 g/cm’
and resistivity as low as 1.5 x 107 Q cm.

[Al], at. % T, °C sintering medium

ZnO:Al:Cl CVT ceramics can be used as magnetron
targets to deposit ZnO thin films with a resistivity of
at least 4.5 x 10~ Q cm and a value of figure of merit
of 16 kQ™' (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.
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