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Abstract The effect of chelating agents of ZnO precursor
solutions on crystallization behavior was investigated. Two
different additives, monoethanolamine (MEA) and dietha-
nolamine (DEA), and crystalline Pt (111)/Si and amorphous
SiN,/Si substrates, were used for this study. ZnO film grown
on SiN,/Si from a DEA-chelated precursor solution shows a
poorly oriented microstructure with weak crystallization
peaks, while ZnO film grown on Pt(111)/Si shows a c-axis
preferred orientation. In the case of ZnO films prepared with
a MEA-chelated precursor solution, all films show a strong
preferred orientation irrespective of substrate type. This
result clearly demonstrates the role of the chelating agent on
the crystallographic orientation and crystallization behavior
of sol-gel processed ZnO films.

Introduction

Extensive studies have been conducted on ZnO films
because of their flexible properties for a wide range of
applications, including transparent conductive film [1, 2],
laser [3], solar cell [4], and acoustic wave devices [5].
Acoustic wave devices based on thin film technology have
attracted much attention for filters in telecom applications
and transducers in biosensor applications. The driving
force for developing the thin film technology is the need to
replace the expensive single crystal substrates and thus to
provide a flexible choice of substrate materials and mass
manufacturability. For utilizing ZnO thin films for such
applications, ZnO thin films should be grown to have
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preferred orientation whose direction shows piezoelectric-
ity. Various coating techniques for ZnO films have been
employed, such as sputtering [5, 6], chemical vapor
deposition [1], pulsed laser deposition [7], and sol-gel
process [2, 8]. Among these, chemical solution deposition
(CSD) methods like the sol-gel technique represent an
efficient way for easy fabrication of a large-area thin film
with low cost, allowing excellent compositional flexibility
and easy control of film thickness. To obtain the strong c-
oriented structure, solution chemistry, heat treatment con-
dition, and substrate type have been investigated to grow
ZnO films by sol-gel process. Solution chemistry, such as
the type and the concentration of the starting precursor
materials[9], the solvent [10], and the chemical additives
[11, 12], is considered to obtain ZnO films with good
crystallinity. Although alkanolamine is often added as a
chelating agent to improve the homogeneity of the ZnO
chemical solution and to increase the solubility of Zn-
acetate against humidity from its surroundings, its role on
the film orientation and crystallization is rarely reported.
In this study, we investigate the crystallization behavior
of sol-gel processed ZnO films depending on types of
chelating agents on different silicon-based substrates. As
chelating agents, DEA (diethanolamine) and MEA (mon-
oethanolamine) were used, and amorphous silicon nitride
grown on silicon substrates and crystalline platinum coated
on silicon substrates were also used to understand the inter-
relationships between these controllable parameters and
their relative importance on the crystallization behavior.

Experimental

Zinc acetate dihydrate (Aldrich, (C,H30,),Zn - 2H,0) and
2-methoxyethanol (Aldrich, C3HgO,) were used as a Zn
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source and solvent, respectively. The molar concentrations
of solutions were varied from 0.1 to 0.5 M. Diethanola-
mine (DEA) and Monoethanolamine (MEA) were used as
chelating agents. The molar ratio of zinc acetate and the
chelating agent was fixed to 1:1. After 1 h of stirring at
80 °C, the precursor was cooled down to room tempera-
ture, and it was transparent. No precipitates were found in
the precursors after 72 h of aging. ZnO films were fabri-
cated onto two different substrates: amorphous silicon
nitride grown on Si (SiN,/Si) and (111) oriented platinum-
coated Si (Pt/Si). Spin coating of the precursor solution was
performed at 3000 rpm for 30 s. After each spin coating
cycle, pyrolysis was performed at 200-400 °C for 10 min.
Films after five coatings were then annealed at 500-700 °C
for 1 h for crystallization. Each layer after pyrolysis was
measured to be about 5 nm, 15 nm, and 28 nm thick at 0.1,
0.3, and 0.5 M concentration, respectively.

Crystallization and orientation of films were evaluated
by an X-ray diffractometer (Rigaku D/MAX B) utilizing
Cug, radiation. The thermal properties of ZnO precursor
solutions were analyzed using differential scanning calo-
rimeter/thermo-gravimetric analysis (DSC/TG, Rheometric
Scientific STA1500), with a heating rate of 10 °C/min. The
surface morphology of the films was characterized by a
scanning electron microscope (SEM, JEOL JSM-7000F).
For the Raman experiment, He—Cd laser (Kimmon Elec-
tric) with 441.6 nm of wavelength was used. The laser
beam nominal power was 80 mW, and optical microscopy
(Zeiss Axiotech) for focusing a spot with around 5 pm in
diameter was connected with a thermoelectrically cooled
charged coupled device (CCD) detector for imaging.
Backscattering geometry was used, and the polarization
state of the laser beam was not analyzed for the incident
and the scattered light. Frequency resolution was about
0.4 cm_l, and its range was 96-877 cm™ .

Results and discussion

Transparent ZnO precursor sols were obtained from both
the MEA and DEA chelating agents that were used to
improve the solution stability by preventing rapid reaction
between metal alkoxide and water molecules [13]. To
evaluate the bonding characteristics of the final precursor
solutions depending on types of chelating agents, differ-
ential scanning calorimeter/thermo-gravimetric (DSC/TG)
analysis was carried out as shown in Fig. 1. The DSC curve
of the MEA-chelated precursor shows endothermic peaks
at around 115, 235, and 305 °C corresponding to the
evaporation of water molecules, 2-methoxyethanol, and
strongly bound organic compounds remaining in the pre-
cursor, respectively. The total weight loss of the MEA-
chelated precursor was about 65% and the most weight loss
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Fig. 1 (a) DSC and (b) TG curves obtained from the 0.5 M ZnO
precursors depending on the chelating agents

occurred below 300 °C. In the case of the DEA-chelated
precursor, peaks of the DSC curve appeared at 130, 250,
and 335 °C, which are associated with the evaporation of
water, solvents, and other organic compounds, respec-
tively. The total weight loss for this solution was
approximately 60% and occurred until 420 °C. Thus, TG/
DSC results show that the crystallization of ZnO films
derived by DEA-chelated solution will occur at a higher
temperature than those derived by MEA-chelated solution.
Additionally, ZnO films derived by MEA-chelated solution
will be contracted at a higher degree due to its high weight
change during heat treatment. Consequently, it is believed
that the thermal behaviors of the two solutions are appar-
ently strongly influenced by the type of chelating agent.
The crystallization behavior of ZnO films depending on
different precursor solutions and substrates was character-
ized by XRD analysis as shown in Fig. 2. ZnO films
derived with MEA chelating represent strong ZnO(002)
peak intensity in both polycrystalline Pt(111)/Si and
amorphous SiN,/Si substrates. ZnO films prepared by the
DEA-chelated solution possess a very high degree of
(002) peak on Pt(111)/Si substrate, while the film grown on
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Fig. 2 X-ray diffraction patterns of ZnO films grown on different
substrates from sol-gel solutions modified by two different chelating
agents: (a) MEA-chelated solution and SiN,/Si substrate, (b) MEA-
chelated solution and Pt(111)/Si substrate, (¢) DEA-chelated solution
and SiN,/Si substrate, and (d) DEA-chelated solution and Pt(111)/Si
substrate. All films were pyrolyzed at 300 °C for 10 min and annealed
at 700 °C for 1 h. Solution concentration was 0.5 M, and the
thickness of the films was about 140 nm

SiN,/Si did not show clear ZnO(002) peak. Peaks of ZnO
were only observed when a logarithmic scale of the
intensity was used, as shown in Fig. 2. This feature was
very similar irrespective of the pyrolysis temperature
observed, which ranged from 200 to 400 °C, and regardless
of the solution concentration of 0.1-0.5 M.

The fact that the peaks of the DEA-chelated precursor
shift to higher temperature and that the weight loss of
DEA-chelated solution is lower than that of the MEA-
chelated solution may demonstrate that the DEA-chelated
solution has a stronger chemical bonding to Zn** ions
compared with that of MEA. Moreover, considering the
melting point of the chelating agents, DEA, whose boiling
point is 270 °C, may promote a higher degree of poly-
merization compared with MEA (b.p. = 170 °C). Different
degrees of polymerization due to the molecules of the
chelating agent can affect the crystallization process, which
is the transformation of gels or substances in an amorphous
pyrolyzed state to crystalline piezoelectric materials. This
can be explained in terms of a nucleation and growth
process. The addition of chelating agents increases the
bonding force of the gel, which can increase the energy
barrier for nucleation and growth barrier for crystallization.
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Fig. 3 Schematic diagram of the free energies for ZnO crystallization
from the MEA- and DEA-chelated precursor solutions

Since DEA forms stronger bonds compared with that of
MEA in gels and/or pyrolyzed structures, the crystalliza-
tion from a DEA-chelated precursor solution may demand
a higher nucleation barrier as described in Fig. 3 Lower
energy barriers for MEA solution systems may facilitate
the c-axis growth of ZnO, which is the lowest energy
direction of the ZnO material, irrespective of the surface
configuration of the substrate. On the other side, the crys-
tallization of ZnO films from a DEA-chelated precursor
solution can be hindered by the higher energy barrier
needed for crystallization. Therefore, the crystallization
can be promoted only when the lattice between the ZnO
and the substrate matches by reducing the elastic strain
energy attributable to the energy barrier [14], as found in
the XRD data of ZnO film on Pt(111) in Fig. 2d. This result
can explain prior reports on why ZnO films prepared by an
MEA-chelated solution system show a strong degree of
c-axis orientation on glass substrates [15-17], while the
DEA system does not show c-axis orientation [12].

To investigate the crystallinity and the internal stress of
the films, Raman spectroscopy was performed, and the
result of the E, mode is shown in Fig. 4. ZnO has a
Waurtzite crystal structure with 6-fold symmetry, which
belongs to Cg,*. By the group theory, ZnO can have Aj,
2B,, E, and 2E, modes. A; and E; modes are polar and
can be split into LO (longitudinal optical) and TO (trans-
verse optical) modes. 2B, modes are silent. Among them,
the A{(LO) and E{(LO) modes are related to the free car-
rier concentration, and E,(high) mode is related to the
stress in the film [18]. The peak position of the E, mode
shifts upward under a compressive stress state and down-
ward under a tensile stress state in the film [19]. To
evaluate the internal stress in the films, the curves were
fitted by the Lorentzian function. The determination of the
peak position for the stress state in the films was assessed
by comparing the peak positions with ZnO single crystals
(Eagle Pitcher Inc.), which is shown in the inset of Fig. 4b.
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Fig. 4 Raman data of ZnO films fabricated with different sol-gel
solutions modified by two different chelating agents: (a) MEA-
chelated solution on Pt(111)/Si substrate and (b) DEA-chelated
solution on Pt(111)/Si substrate. All films were pyrolyzed at 300 °C
for 10 min and annealed at 700 °C for 1 h. Solution concentration
was 0.5 M, and the thickness of the films was about 140 nm. Raman
data of ZnO single crystal are shown at the inset of (b)

In contrast with the peak position at 434.8 cm™ of the ZnO
single crystal, ZnO films by DEA- and MEA-chelated
and

solutions have a peak position at 430.5 cm™'

430.3 cm™ !, respectively, indicating tensile stress in the
deposited films. The shift of the XRD peak position to the
higher angles in Fig. 2 indicates a tensile stress of the film
confirming the Raman results. The tensile stress might be
caused by the lattice mismatch and the mismatch of the
thermal expansion coefficients between the film and the
substrate. However, the slightly more tensile stress of the
ZnO film derived by the MEA-chelated solution is proba-
bly due to its larger weight loss than the DEA-chelated
solution, as shown in the TG/DSC data (Fig. 1), which was
caused by the weak chemical bonding in the solution. The
detailed stress condition of ZnO films derived by CSD
is under an investigation as a function of thickness and
chelating agents.

The microstructure of ZnO films was characterized by
SEM. ZnO films on amorphous SiN, on silicon substrates
were shown in Fig. 5. SEM images show that the ZnO films
show a microstructure consisting of small grains whose size
ranges from 70 to 100 nm. The ZnO film derived with MEA
shows a dense structure on the amorphous substrate, while
the film derived with DEA shows many voids on the sur-
face. The dense structure of the ZnO film may indicate the
high crystallinity of ZnO film derived by a MEA-chelated
solution even on the amorphous substrate and indicates that
the low energy barrier of nucleation and growth facilitates
the c-axis preferred orientation of the deposited film, which
is in good agreement with the XRD data. Alternatively,
voids or pores observed in the ZnO films on SiN,/Si derived
with DEA may be due to poor crystallization resulting from
the higher energy barrier.

Conclusion

The effect of chelating agents of ZnO precursor solutions
on crystallization behavior has been investigated. Two

Fig. 5 SEM images of ZnO films prepared from (a) MEA-chelated
solution on SiN,/Si substrate and (b) DEA-chelated solution on SiN,/
Si substrate. The films were pyrolyzed at 300 °C for 10 min and
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the thickness of the films was about 140 nm



J Mater Sci (2008) 43:6177-6181

6181

different additives, monoethanolamine (MEA) and dietha-
nolamine (DEA), and polycrystalline Pt (111)/Si and
amorphous SiN,/Si substrates were used for this study.
ZnO film grown on SiN,/Si from a DEA-chelated precursor
solution shows poorly oriented structure with weak crys-
tallization peaks, while ZnO film on Pt(111)/Si shows
c-axis preferred orientation. In the case of ZnO films pre-
pared by a MEA-chelated precursor solution, all films show
strong preferred orientation irrespective of the substrate.
The change of the gel/pyrolyzed structure induced by
modifying molecules of the solution by incorporating a
chelating agent can explain the observed tendency of their
crystallization behaviors. This result clearly demonstrates
the importance of the chelating agent on the crystallo-
graphic orientation and crystallization behavior of ZnO
films on silicon-based substrates.
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