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Abstract

This paper presents the study on aluminium-doped zinc oxide (AZO) films prepared by atmospheric atomic
layer deposition (AALD) using Diethylzinc (DEZ), Zn(CzHs)2, and Trimethylaluminum (TMA), Al(CH3)s as
precursors. The optimal condition for doping was investigated by changing in DEZ/TMA ratio. The crystal
structure of fabricated thin films shows the hexagonal wurtzite structure with the orientation along the c-axis.
The influence of heat treatment on the grain size, carrier type and concentration of post-fabricated films
deposited on the different substrates which are borosilicate glass and sapphire was also analysed. The Hall
measurement to determine the carrier type and resistivity at room temperature to 400 °C was performed. The
measurement results show that as-deposited samples behave as alloy-like property with p-type carriers and
high resistivity. However, they turned into n-type nature as expected with the increase in carrier concentration
and consequently the marked decrease in electrical resistance when annealed at the higher temperatures that
are at 500 °C and 900 °C (i.e, 773 and 1173 K). In general, the obtained films with optimized experimental
conditions of as- and post-fabrication can be used for thermoelectric applications.
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Toém tat

Bai béo trinh bay nghién ctru vé mang méng ZnO pha tap Al (AZO) ché tao bdng phuong phéap ldng dong
tirng I6p nguyén tir trong méi trirong (AALD) str dung céc tién & chéat pha hoi la Diethylzinc (DEZ), Zn(C2Hs)2
va Trimethylaluminum (TMA), Al(CHs)s. Diéu kién t6i wu cho qua trinh pha tap da duwoc khdo sét théng qua
thay déi ty 16 tién chat DEZ/TMA. Céu tric tinh thé cia mang sau ché tao c¢6 dang hexagonal wurtzite dién
hinh véi dinh huéng doc theo truc tinh thé c. Anh hudng ctia qua trinh xi ly nhiét Ién tinh chét dén dién cda
mang trén hai loai dé gém thdy tinh chiu nhiét (borosilicate glass) va oxit nhém (sapphire) ciing da duwoc phan
tich. Phép do Hall gitp xac dinh ndng dé hat tai va dién tré suét & nhiét dé phong. Sw phu thudc nhiét do cua
dién tr& mang da duoc do trong dai ttr nhiét d6 phong dén 400 °C. Két qua nhén duoc cho thdy mang sau
ché tao cé cau truc gibng hop kim véi hat tai loai p chiém da sé va dién tré cao. Tuy nhién, sau khi dwoc nung
U & nhiét d6 cao, cu thé, 500 °C va 900 °C (773 K va 1173 K), tinh chét dién ctia mang dé tré lai Ia loai n nhw
mong doi véi nbng dé hat tai tang va dién tré gidm déng ké. C6 thé néi, mang méng AZO ché tao bang phuong
phép AALD c6 tuong lai hira hen nhuw la vét liéu cho céc tng dung nhiét dién sau khi da duwoc cai thién diéu
kién ché tao va céac bién phép xtr ly sau ché tao

Tw khéa: AALD, phép do Hall, dién tré suat, mang méng nhiét dién.

1. Introduction

Providing sustainable energy to the world’s
population is becoming a major societal problem for
the 21% century. Thermoelectric (TE) materials, which
are the combination of thermal, electrical, and
semiconducting properties, allow converting waste
heat into electricity. They are probability to play a
more important role in meeting the energy challenge
of the future. Recent works on the theory of TE devices

ISSN: 2734-9381
https://doi.org/10.51316/jst.153.etsd.2021.31.4.15
Received: July 13, 2021; accepted: September 22, 2021

85

have led to the expectation of enhanced performance
by using low dimension materials where the quantum
confinement effect occurs. It enables increasing the
electronic transport and decreasing the thermal
transport for making TE devices more commercially
viable.

Transparent conducting intrinsic and doped ZnO
thin films have a growing number of interests thanks
to their prominent applications in electronic and
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optoelectric devices such as gas sensors, thin-film
transistors (TFTs) for display technology, light
emitting diodes (LEDs), photodetector, solar cells [1],
thermoelectric generators (TEGs) and/or
thermoelectric coolers (TECs) [2,3]. As an oxide, this
n-type material has high electrical resistance leading to
low electrical conductivity due to the low carrier
concentration that needs to be improved. Accordingly,
adding dopants is considered a feasible strategy to
increasing the carrier concentration, particularly for
TE applications. Hence, aluminium (Al) is one of the
common dopants used for this aim. Furthermore, oxide
materials have now been becoming a new research
trend for TE applications because of their abundance,
case of synthesis, thermal and electrical stability at a
wide temperature range in both oxidising and
corrosive environments. The recent studies of Al-
doped (ZnO:Al or AZO) showed the advanced
properties for being the novel TE materials with
relatively good Seebeck coefficient [4-6].

Similar to other materials, pure and doped ZnO
thin films can be fabricated by different methods
including physical vapor deposition (PVD) like
sputtering, pulse laser deposition, chemical vapor
deposition (CVD), and wet chemical routes [7].
Nevertheless, the study of alternative ways for getting
thin films always motivates the researchers of
materials science that is also driving force for us in this
work. Atmospheric Atomic Layer Deposition (AALD)
is a deposition technique of which the mechanism is
similar to the Atomic Layer Deposition (ALD) for
growing compound films. This technique relies on a
binary sequence of self-limiting surface chemical
reactions which typically occur between a gas-phase
precursor and a solid surface. Films can be deposited
by repeating the binary reaction sequence or a cycle.
AALD recently has been developed by the Device
Materials Group (DMG), Department of Materials
Science and Metallurgy (DMSM), the University of
Cambridge [8-10]. By using this technique, the doped
ZnO films can be grown employing the alternated
cycles of Zn and dopant precursors. It allows the
precisely controlling in atomic-scale the concentration,
position, and spacing of the dopant in the ZnO lattice.
As a result, a typical nanolaminate structure is
obtained. The resulting films are usually dense,
pinhole-free, and extremely conformal to the
underlying substrate. The advanced feature of AALD
is that it does not require low pressure, i.e., high
vacuum, the capability of large area coating, faster
than conventional ALD and compatible with roll-to-
roll processing leading to the low-cost products, and
more convenient for being applied in industry.

In this paper, a study of AZO films with respect
to the ratio of Zn:Al cycles and the heat treatments
after film deposition is reported. Phase analysis,
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conductivity property demonstrated by carrier type
film microstructure, and temperature dependence of
sheet resistance were studied to optimize the AALD
fabrication of AZO films.

2. Experimental Procedure

Herein, the Al-doped ZnO films are deposited by
AALD technique using diethylzinc (DEZ), Zn(C>Hs)>
vapor as the Zn precursor, trimethylaluminum (TMA),
Al(CHzs); vapor as the Al precursor and water vapor as
oxidizer. In this case, ZnO atomic layer is performed
using alternating DEZ (precursor 1) and H>O
exposures in the A and B reaction, respectively, as
follows

(A) ZnOH*+ Zn(C,H5)>,—Zn0OZn(C,Hs)* + C,Hs
(B) Zn(Csz)* + H,O -ZnOH* + C,Hs

Similarly, Al,O3 atomic layer is performed using
alternating TMA (precursor 2) and H,O exposures

(C) AIOH* + Al(CH3);—>AlOAI(CH;),* + CH,
(D) AICH;* + H,0 —AIOH* + CH,

where the asterisks represent the surface species. By
repeating these reactions in an ABCD sequences via
scanning procedure, AZO films can be deposited with
atomic layer control as illustrated in Fig. 1a and 1b.
The total flow rate for both precursors was kept
constant at 25 ml.min"!. Consequently, the flow rate
ratio of each precursor lines was individually adjusted
as 15/10, 17/8, 19/6, 21/4, and 23/2 ml.min"! while this
parameter for the oxidizer line is 2050 ml.min'.
Argon (Ar) gas was passed through the bubblers
containing the different precursors at gas flow rates of
50 ml.min"!. The total time for deposition was set
15 minutes. After growth, the gases were switched off
and the substrates left to cool naturally in the open
atmosphere. The AALD system used for this study is
shown in Fig. 1c. Two series of ZnO/Al,O; films with
different ZnO/Al,O3 cycle ratios were grown. Films
were deposited on glass (sodalime and borosilicate)
and sapphire substrates at 300 °C (573 K). The
substrates were scanned under the head at a rate of 50
mm.s !, A set of samples deposited on soda lime glass
was subsequently annealed at 500 °C (773 K). The
other set of samples deposited on sapphire was
annealed at 900 °C (1173 K). The annealing time was
kept for 5 hours in nitrogen environment to prevent the
chemical diffusion process during the growth of the
crystalline phase.

X-ray diffraction (Cu—Koa, Siemen DS5005
Brucker, (1= 1.54056 A) was employed to identify the
crystal structure and phase of the samples. SEM
Hitachi S-4800 system was used to examine the grain
size and morphology.
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Fig. 1. Film atomic layer deposition, a) mechanism of
film formation, b) scanning mechanism for film

deposition, ¢) AALD system

The Hall Effect measurement is based on the Van
der Paw method. A magnetic field of 1 T was applied
for the measurements. The carrier concentration was
determined from the Hall voltage, current used,
magnetic field strength and charge type. From the
calculated resistivity and carrier concentration, the
mobility for each sample was calculated. The
resistivity was calculated from the sheet resistance
obtained and the measured film thickness, which is
determined using the stylus profiler.

In this work, we have designed and fabricated an
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Fig. 2. a) Structure and arrangement of integrated
devices and measured sample, b) Labview interface of
measurement program, ¢) entire of measurement setup
for temperature-dependent sheet resistance (the inset
is zoom-in image of a measured sample)

automated apparatus for measuring the sheet
resistances of ZnO/Al,Os films in the planar geometry
over a range between room temperature to 400 °C that
is from 300 to 673 K (Fig. 2a). The principal structure
of our measurement setup is shown in Fig. 2a. It
consists of two heat sinks enabling the temperature
difference that can be measured by using the
appropriate devices as well as the voltage difference
between two ends of the material. Herein, we propose
a device including a micro-heater and an integrated
resistance temperature detector so-called Pt-100 RTD
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instead of the traditional thermocouple. The
measurement principle of RTD sensor is based on the
change in resistance (Ry, Rc) of platinum that is
proportional to temperature (7, Tc). It should be noted
that Pt is a metal having low resistivity and good
thermal response at relatively low voltages. In
addition, its resistivity also exhibits a positive and
highly linear dependence on temperature. Besides, Pt
shows excellent long-term stability, it is chemically
inert and has the well-established manufacturing
processes. By implementing an appropriate design, the
Pt thin film could be able to act simultaneously as both
a heater and a sensor. The measurement data were
acquired continuously by a LABview programme as
illustrated in Fig. 2b. Lastly, Fig. 2¢ is the image of the
measurement setup used for the investigation of
temperature-dependent sheet resistance of samples
fabricated in this study.

3. Results and Discussion

The average thickness of all obtained films was
measured around 300 nm. The crystal structure of
films was investigated for as-deposited samples and
those annealed at 500 °C and 900 °C. The annealing
temperature of 500 °C was used for the first heat
treatment of the sample set deposited on the glass
substrate relying on our investigations to optimize the
regime for crystalline formation. For the as-grown
samples before heat treatment, the XRD result shows
the degradation of the film crystalline when the Al
content is increased (Fig. 3a). As ratio of 15/10 and
17/8, the samples are totally poor in film crystalline
and no ZnALO,4 phase is detected. It seems they are
non-crystalline suggesting just the amorphous-like
insulating characterization (such as Al,O3) presented
in the films. As the ratio of 19/6, 21/4, and 23/2 the
diffraction trace of the (002) plane is also evidently
weak. It should be noted that only the (100) and (101)
peaks of the hexagonal phase ZnO appear and no
crystalline A,O3; or ZnAl,O4 peaks are detectable in
the X-ray diffraction patterns. After being annealed at
500 °C, we can see the XRD spectra of the samples
deposited on the glass substrate which indicates more
clearly the crystal structure (Fig. 3b).

There can be seen a little bit of change in phase
for samples with a ratio of 15/10 and 17/8. Maybe a
two-phase mixture of ZnO hexagonal and Al,O3
rhombohedral in structure occurred. For the samples
with ratio of 23/2, 21/4, and 19/6, it begins
demonstrating the typical crystal structure of ZnO.
This result indicates that partial crystallization was
promoted due to heat treatment. To consider more
clearly the influence of the heat treatment process on
crystal structure, the sample set deposited on sapphire
substrates was annealed at 900 °C (Fig. 3c). It can be
observed that further heating at higher temperature
produced a well-crystallized material, even for
samples having ratio of 15/10 and 17/8. The obtained
results in our study are similar to those ones attained

by previous reports for AZO films deposited by ALD
method [11]
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Fig. 3. XRD profiles of AZO films as-deposited (a),
annealed at 500 °C (b), and annealed at 900 °C (c)
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Fig. 4. EDX spectrum of films on sodalime glass
slides with ratio of DEZ/TMA as 19/6 (a), 21/4 (b),
and 23/2 (¢)

The obvious existence of the peak corresponding
to (002) plane shows the c-axis preferential orientation
of the films. It is very important because the films
oriented with the c-axis normal to the substrate would
show a lower sheet resistance than those with
randomly oriented.

Fig. 4 shows the typical EDX spectra of as-
deposited films on the glass substrates with the ratios
19/6, 21/4, and 23/2 which were selected to compare
the chemical composition of samples after being
fabricated. The analysis results revealed that only the
films with a ratio of 21/4 have an Al content of about
2 wt.%. This concentration of Al in ZnO is well-known
the best for the TE applications [4-6]. Thus, the
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Fig. 5. SEM images of as-deposited films with ratio of
15/10 (a) and 21/4 (b)
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samples with the ratio of 21/4 were chosen in the next
investigations of morphology and electrical properties.

Fig. 5 selectively displays the surface SEM
images of typical samples having the ratio 15/10 and
21/4 prepared in our study. The SEM image shown in
Fig. 5a is corresponding to as-deposited films with a
ratio of 15/10. It can be seen that the films’ surface
looked the homogenous structure. Fig. 5b is for the
sample with ratio of 21/4 we can observe more clearly
the grain structure. It means that the crystal phase was
really formed. Two images of films with ratio 21/4 are
displayed in Fig. 6 for two cases of the heat treatment.
Obviously, when annealed at temperature of 500 °C,
the crystalline grains have significantly increased size
as shown in Fig. 6a. They continue to grow up with
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bigger size at annealing temperature of 900 °C
(Fig. 6b) for the samples deposited on sapphire
substrates. It can be sated that the heat treatment
process changed the crystalline grains and made their
distribution more uniform provided by the visible fact
over the films.

As a result of the EDX analysis and SEM images
shown in Fig, 4, 5, and 6, the samples with the ratio of
21/4 were used for investigating the electrical property
of AZO films. The results of the Hall-effect
measurements are summarized in Table 1. Incredibly,
the as-deposited samples and those annealed at 500 °C
present the p-type conductivity with the hole
concentration of about 10" cm™ and 107 cm?,
respectively. It is opposite to the native electrical
property of ZnO and Al-doped ZnO known as n-type
one. The reason may come from the way to grow the
films by AALD. The water vapor as an oxidizer easily
is evaporated at the deposition temperature of 300 °C
in the atmosphere. It results in the lack of the elements
which are oxygen and hydrogen as deep and swallow
donors to contribute to the n-type conductivity [12].
Instead, this process can lower the formation energy of
some acceptor defect, such as zinc vacancy and thus
accounts for the p-type conductivity.

The films annealed at 500 °C show a decrease of
p-type signal with a lower hole concentration of
10" ¢m™, indicating a carrier-type transition around
this temperature demonstrated by the presence of
n-type carriers in Hall measurement files. Only being
annealed at a relatively high temperature at 900 °C the
films represent the n-type conductivity with an
electron concentration around 106 cm™. The inversion
to n-type conductivity can be understood as the
compensation effect by the ionized oxygen vacancy
donor, which is ready to form at high temperatures.
The high values of mobility for the as-deposited films
and those annealed at 500 °C suggested that the
behavior of obtained compounds in these conditions is
not oxide but alloy-like. This behavior of the films is
not suitable for TE applications. Therefore, annealing
at a higher temperature is needed to get the desired
films as oxides.

Interestingly, the resistivity of the film deposited
on sapphire was measured to be 19.3 Q.cm. This is
substantially lower than the resistivity of all the AZO
films grown on glass, which had resistivity values of
178.5 Q.cm and 39.4 Q.cm. It demonstrates that the
nucleation direction of crystalline grains during the
AALD cycles can be influenced by using the
appropriate substrate.

For the aiming at TE applications of fabricated
films, the temperature-dependent sheet resistance of
films with the ratio of 21/4 under different heat
treatments was investigated. Fig. 7 shows the variation
of sheet resistance of AZO films for the measured
range of room temperature (300 K) to 400 °C (700 K).

Table 1. Electrical properties of AZO thin films at
different temperatures

Temperature
300 500 900
(°C)
Resistivity 1785 394 193
(Q.cm) ’ ' ’
Hall mobility
2218 1035 85
(cm?/V.s)
nca;;eii . 1.39 145 271
concentratio x10'5  x108  x10'6
(cm™)
Carrier type p p&n n

Fig. 6. SEM images of films with ratio of 21/4
annealed at 500 °C (a) and 900 °C (b)
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For the as-deposited samples the sheet resistance
increases a little bit as temperature increases (Fig. 7a).
This result agrees with the Hall measurement one
confirming that the compound of these films is as
likely as an alloy, not a semiconductor. The value of
sheet resistance varies in a range between 1x107 Q/sq
at room temperature to 2x107 Q/sq at 400 °C (or
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673 K). For the samples annealed at 500 °C, this
tendency was changed as shown in Fig. 7b. The values
of sheet resistance in the measured temperature range
were one order smaller than those for as-deposited
films. Namely, there is only a small increase in the
range of 450 K and 550 K implying that AZO films
incline to be characteristic of semiconductors. The
smallest and highest values are 6x10° Q/sq at room
temperature to 8x10° Q/sq at 400°C. For the samples
annealed at 900 °C, we can see that the films’
resistance decreases as temperature increases
confirming the property of an n-type semiconductor
(Fig. 7c) as the result of Hall measurement shown in
Table 1. The sheet resistance of these films was
remarkably improved, and its absolute values decrease
three to four orders compared to the as-deposited ones
that are 1.25x10* Q/sq at room temperature and
1.9x10% Q/sq at 400°C. The improvement of sheet
resistance of annealed samples can be understood by
the increase in grain size, carrier type and
concentration indicated by Hall measurements and
SEM investigations. However, the only remained issue
is that the values of film resistance were still a little bit
high that may be related to the low carrier
concentrations as shown in Hall measurement results.
This may be a disadvantage of the AALD system for
the film deposition used in this study that needs to
improve in the next research works.

4. Conclusion

AZO films were prepared by atmospheric atomic
layer deposition (AALD) of AZO films using DEZ,
TMA, and water vapor. A deposition temperature of
300°C was selected for growing the AZO films on
borosilicate glass and sapphire substrates. The
composition of the films was controlled by adjusting
the DEZ/TMA ratios of 15/10. 17/8. 19/6, 21/4, and
23/2 that is ZnO ALD and Al,O3; ALD reaction cycles
in the ejected sequence. The XRD analysis showed
different characterizations of the as-deposited films
depending on the DEZ/TMA ratios. The amorphous-
like structure is for films with more Al content
corresponding to the ratio of 15/10 and 17/8. In
general, the crystal structure was improved by
annealing at 500 °C and 900 °C in a nitrogen
environment. The EDX study determined that the
DEZ/TMA ratio of 21/4 is best appropriate to grow the
AZO films for TE applications. The SEM images also
well confirmed those results. The Hall effect
measurements indicated the as-deposited films have p-
type conductivity. The origin of p-type behavior can
be ascribed to the formation of zinc vacancy and some
possible complex acceptor centers. The cause may be
due to the evaporation of water vapor as an oxidizer at
the deposition temperature of 300 °C in the
atmosphere. Understanding these intrinsic acceptor
states will help elucidate the extrinsic as well as
intrinsic p-type of AZO films. In addition, the carrier
mobility which was calculated by Hall effect
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measurements revealed that the as-deposited films are
alloy-like behavior. Both these behaviors can also be
tuned by the heat treatment at 500 °C. The
temperature-dependent sheet resistance demonstrated
the n-type conductivity and semiconductor’s behavior
when the films were annealed at 900 °C. Enhanced
resistance was observed in annealed films deposited on
sapphire (0001) substrates due to the increase in grain
size and carrier concentration as shown by SEM
images and Hall measurement.
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