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Abstract: Hafnium oxide thin films (HOTFs) were successfully deposited onto amorphous glasses using chemical bath deposition, succes-
sive ionic layer absorption and reaction (SILAR), and sol-gel methods. The same reactive precursors were used for all of the methods, and
all of the films were annealed at 300°C in an oven (ambient conditions). After this step, the optical and structural properties of the films pro-
duced by using the three different methods were compared. The structures of the films were analyzed by X-ray diffraction (XRD). The opti-
cal properties are investigated using the ultraviolet-visible (UV-VIS) spectroscopic technique. The film thickness was measured via atomic
force microscopy (AFM) in the tapping mode. The surface properties and elemental ratios of the films were investigated and measured by
scanning electron microscopy and energy-dispersive X-ray spectroscopy (EDX). The lowest transmittance and the highest reflectance values
were observed for the films produced using the SILAR method. In addition, the most intense characteristic XRD peak was observed in the
diffraction pattern of the film produced using the SILAR method, and the greatest thickness and average grain size were calculated for the
film produced using the SILAR method. The films produced using SILAR method contained fewer cracks than those produced using the

other methods. In conclusion, the SILAR method was observed to be the best method for the production of HOTFs.
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1. Introduction

Researchers are currently interested in hafnium oxide
because of its electrical properties. The main reason for re-
placing silicon dioxide in metal oxide transistors with haf-
nium oxide is that the latter has a high dielectric constant
[1-2]. Moreover, with its monoclinic structure, hafnium
oxide exhibits a high optic gap width of approximately 5.5
to 6 eV. Because of these features, hafnium oxide stands out
as a material that is well suited for use in optoelectronic de-
vices [3-5]. Martinez et al. [6] have noted that, although the
literature contains few studies related to the optical proper-
ties of hafnium oxide thin films (HOTFs), HfO, may have
interesting optical applications. Because of its large band
gap and high refractive index, HfO, has been used as optical
coatings for astronomical charge coupled devices (CCDs)
and as anti-reflective multilayer coatings for night-vision
devices and infrared (IR) optical devices. The optical prop-
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erties of hafnium oxide are useful because of its corre-
sponding electrical properties [6].

Researchers have attempted to produce hafnium oxide
using various methods such as atomic layer deposition [7],
sol-gel process [8], metal-organic chemical vapor deposi-
tion [9], magnetic sputtering [10], and spin coating [11], and
they continue to develop new methods of producing it. The
main problem lies in the necessity of using several devices
required for the application of most of these methods. The
most economical methods for producing thin films are those
in which production occurs as a result of a chemical reaction
in an aqueous solution. Chemical bath deposition (CBD),
successive ionic layer absorption and reaction (SILAR), and
sol-gel process are the most commonly used methods; all of
these methods are cheap and easily applicable techniques.
The only requirement for using these methods is the knowl-
edge of chemistry of the process. Because the preparation of
metal oxides at low temperature in aqueous reactions is dif-
ficult, these methods are not well suited for the preparation
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of metal oxide thin films. Thus, researchers have attempted
to solve this problem by annealing sulfur or organic com-
posites of metals adhered to the surface in gel form.

In this study, we discussed the best method for the pro-
duction of HOTFs, which is significant in the world of ma-
terials, using simple and economical production meth-
ods—specifically, the CBD, SILAR, and sol-gel process.
We researched which method is more useful than the others
for researchers.

2. Experimental
2.1. Materials

The stock solutions were prepared using highly pure
compounds (99.9%, E. Merck, Darmstadt, Sigma-Aldrich).
All laboratory glassware and substrates were cleaned by
soaking in diluted nitric acid and rinsing with alcohol and
deionized water.

2.2. Preparation of HOTFs

CBD: 0.01 mol, 0.030 L of HfCl, (0.01 mol of HfCl,
dissolved in 0.030 L of water) was mixed with 0.02 mol,
0.030 L of thioacetamide in a beaker. Amorphous glass sub-
strates, which had been washed with detergent and rinsed
with distilled water, were dipped into the beaker. 10 mL of
KOH solution (pH 12) was added to this chemical bath. The
bath was placed in an oven and maintained at 70°C for 1 h.
The substrates were washed with distilled water after being
removed from the beaker and were subsequently annealed
for 3 h at 300°C.

SILAR: 0.01 mol, 0.030 L of HfCl, (0.01 mol of HfCl,
dissolved in 0.030 L of water) was placed in a beaker, and
0.030 L, 0.02 mol of sodium sulfide solution was prepared
in another beaker. Amorphous glass substrates, which had
been washed with detergent and rinsed with distilled water,
were first dipped into the HfCl, solution and then into the
sodium sulfide solution. This dipping application was per-
formed eight times. The substrates were washed with dis-
tilled water after being removed from the beaker and were
subsequently annealed for 3 h at 300°C.

Sol-gel: 0.01 mol, 0.010 L of HfCl, (0.01 mol of HfCl,
dissolved in 0.010 L of water) was mixed with 0.030 L of
concentrated glycerin in a beaker. Amorphous glass sub-
strates, which had been washed with detergent and rinsed
with distilled water, were dipped into the beaker eight times.
They were subsequently washed with distilled water after
being removed from the beaker and were annealed at 300°C
for 3 h.

2.3. Characterization techniques

The crystalline structure of HfO, was confirmed by X-ray
diffraction (XRD) on a diffractometer equipped with a Cu
K, radiation source (Rikagu RadB, A = 0.15406 nm); the
samples were scanned over the range 10° < 26 < 90° at a
speed of 3°min~* and with a step size of 0.02°. The surface
properties of the films were investigated using an
EVO40-LEO computer-controlled digital scanning electron
microscope (SEM). Energy-dispersive X-ray spectroscopy
(EDX) chemical analysis was performed with an EDX
spectrometer attached to the SEM. Optical measurements
were performed on a Hach Lange 5000 spectrophotometer
at room temperature by placing an uncoated identical com-
mercial glass substrate in the reference beam. The optical
spectra of thin films were recorded in wavelength at a range
of 300-1100 nm. Film thicknesses were measured over a 10
um x 10 pum area in the tapping mode and were determined
with a Veeco Multi-Mode atomic force microscope
equipped with a NanoScope 3D controller.

3. Results and discussion

Chemical reactions that occurred during the bath deposi-
tion are summarized below.

CBD:
Hf** + 4H,0 + 4CH;CSNH, — HfS, + 4CH;CONH, +

8H" + 4e” (1)
HfS, + 50, —2C 5 HfO, + 450, ©)
SILAR:
Hf* +4S% — HfS,+ 4e” A3)
HfS, + 50, —2C_ HfO, + 450, @)
Sol—gel process:
HF* + 4™ + C3HgO3 — H{C3HeOs}sol e (5)
Hf{CsHeOs}ol-get + 9/20, —2LC 5 HfO, + 3CO, + 4H,0

(6)

Egs. (1) and (2) show the formation of HfO, via the CBD
method, Egs. (3) and (4) show the formation of HfO, via the
SILAR method, and Eqgs. (5) and (6) show the formation of
HfO, via the sol-gel method.

Fig. 1 displays the XRD patterns of various HOTFs pro-
duced via the CBD, SILAR, and sol-gel methods. A com-
parison of some peaks in these XRD patterns with ASTM
values is presented in Table 1. Data presented here are raw
data; no cleaning or smoothing was performed so that re-
searchers can choose the best method among them. In the
case of the film prepared via the sol-gel method, the ob-
served structure was almost amorphous; however, the most
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Fig. 1. XRD patterns of HOTFs de-
posited using the CBD, SILAR, and
sol-gel methods.

Table 1. XRD data of ASTM values for various films

Chemical bath deposition

ASTM data file ASTM value / (°) Observed value /(°) Miller index Structure
78-500 24.189 24.232 HfO, (011) Monoclinic
78-500 28.347 28.341 HfO, (111) Monoclinic
34-104 40.185 40.425 HfO, (211) Monoclinic
78-500 51535 51.633 HfO, (221) Monoclinic
34-107 57535 57.735 HfO, (113) Monoclinic
34-107 66.318 67.825 HfO, (023) Monoclinic
34-107 79.188 79.153 HfO, (412) Monoclinic

SILAR

ASTM data file ASTM value / (°) Observed Value/ (°) Miller index Structure
34-104 17.544 17.632 HfO, (001) Monoclinic
78-500 24.189 24.232 HfO, (011) Monoclinic
78-500 28.347 28.260 HfO, (111) Monoclinic
34-104 40.185 40.305 HfO, (211) Monoclinic
34-104 45.783 46.768 HfO, (202) Monoclinic
34-104 50.436 50.137 HfO, (022) Monoclinic
34-104 57.535 57.614 HfO, (013) Monoclinic
34-104 62.350 62.720 HfO, (312) Monoclinic
34-104 69.367 69.183 HfO, (231) Monoclinic
34-104 87.534 87.370 HfO, (241) Monoclinic

Sol—gel process

ASTM data file ASTM value/ (°) Observed value/ (°) Miller index Structure
78-500 24.189 24611 HfO, (011) Monoclinic
34-104 40.185 40.047 HfO, (211) Monoclinic
34-107 57.535 57.614 HfO, (113) Monoclinic
34-107 66.318 67.688 HfO, (023) Monoclinic

34-107 79.188 79.394 HfO, (412) Monoclinic
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intense peak was observed in the pattern of the film pre-
pared via the SILAR method. Thus, the SILAR method and
the prepared bath can be used as a specific methodology for
the preparation of HOTFs. The peaks of XRD patterns show
the formation of a phase, which is hafnium oxide, with a
monoclinic structure [12]. The XRD results were consistent
with standard ASTM values.

The grain size (D), which is a structural parameter, was
determined for all of the films based on their XRD patterns;
the results are presented in Fig. 2. The film thickness, as
measured by atomic force microscopy (AFM), is also pre-
sented in Fig. 2. The grain size of the thin films was calcu-
lated from the XRD patterns using the Scherrer formula:

0.91

~ Bcos@ )
where D is the grain size, 4 is the X-ray wavelength, 3 is the
angular line width at half-maximum intensity (in radians),
and 6 is the Bragg angle. The grain size of the films was
calculated by using the FWHM of the (T11) peak in the case
of the film prepared via the SILAR method, the (111) peak
for the film prepared via the CBD method, and the (011)
peak in the case of the film prepared via the sol-gel method,
and was obtained through Scherrer’s method, which takes
the highest-intensity peaks of the XRD patterns.

Fig. 2. Average grain size and film thickness of HOTFs de-
posited using the CBD, SILAR, and sol-gel methods.

The HOTF with the largest average grain size was ob-
tained via the SILAR method. The average grain sizes of the
thin films were 71, 51, and 24 nm for the films prepared via
the SILAR, CBD, and sol-gel methods, respectively. It is
understood that small grain size was prepared via the
sol—gel method, which has low intensity of its XRD peaks.
As the average grain size decreases, the grains stock up
more tightly, this causes a decrease in the volumes of the
spaces between grains. Thus, the deposition of a film with a

smaller grain size leads to a more orderly structure. This ef-
fect can also be observed in the XRD patterns of the films.
Therefore, the peaks that we observed in the XRD pattern of
the film prepared via the SILAR method have higher inten-
sities than other methods. The film thicknesses of the films
were 820, 600, and 210 nm for the films prepared using the
SILAR, CBD, and sol-gel methods, respectively. The
thicknesses of the films are consistent with their average
grain sizes [13]. Of course, the film thickness and the aver-
age grain size depend on the deposition time, the deposition
temperature, and the nature of the precursor, even though
the concentrations of the precursors were similar in our ex-
periments.

The transmittance (T) of the HOTFs was calculated on
the basis of the reflectivity (R) and absorbency (A) using the
following expression:

T=@1-R)’e™" 8)
Figs. 3 and 4 show the transmittance and reflectance of

HOTFs obtained using the SILAR, CBD, and sol-gel
methods. The lowest transmittance and the highest reflectivity

Fig. 3. Transmittance of HOTFs deposited using the SILAR,
CBD, and sol-gel methods.

Fig. 4. Reflectance of HOTFs deposited using the SILAR,
CBD, and sol-gel methods.
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values were observed for the films prepared using the Sl-
LAR method [6] because the absorption of light by its crys-
tal structure was the greatest among the prepared films. The
transmittance decreases as the absorption increases, and film
thickness affects the transmittance and reflectance curves.

The refraction indexes (n) and extinction coefficients (k)
of the films were calculated using the following formula:

1+R 4R ’
n=——+, |——=-k
1-R (1-R)?

The refraction indexes are presented in Fig. 5. The refrac-
tion indexes of HOTFs paralleled the average grain size and
thickness of the films. The refraction indexes of HOTFs de-
posited using the SILAR, CBD and sol-gel methods were
calculated to be 2.47, 1.89, and 1.46, respectively, at a wave-
length of 550 nm. In addition, the average grain sizes of
HOTFs deposited using the SILAR, CBD and sol—gel
methods were calculated to be 71, 51, and 24 nm, respec-
tively. The values of refraction indexes and extinction coef-
ficients exhibited natural behavior. Because the refraction of
light is greater in a scattered structure, the refraction index is
higher for large grains. The refractive indexes are consistent
with values reported in Refs. [14-15].

©

Fig. 5. Refraction index of HOTFs deposited using the CBD,
SILAR, and sol-gel methods.

As expected, the EDX and SEM analyses indicate that
HOTFs produced using the SILAR method are with a higher
quality than those produced using the other two methods.
This result is based on hafnium content in the structures of
the films.

Fig. 6 presents the EDX spectra for the prepared films.
The reason that the films prepared using the SILAR method
exhibit the highest hafnium ratio is that thioacetamide was
detached from the structure of the SILAR films at approxi-
mately 300°C, because of removal of organic contamina-
tions as evident in the analysis results. In the case of the
films prepared using the sol-gel method, glycerin was not
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detached from the structure at the annealing temperature and
resulted in impurities, as indicated by low hafhium ratio in
the EDX analysis of these films. Thus, the oxidation of haf-
nium sulfide in the films produced using the SILAR method,
even at low annealing temperature, makes this method ad-
vantageous compared to the other methods. We determined
that the level of contamination by organic compounds is
quite high in the films prepared using the CBD and sol—gel
methods. The hafnium ratios of the films prepared using the
SILAR, CBD, and sol-gel methods, as determined by EDX
analysis, were 82.73wt%, 63.44wt%, and 34.76wt%, re-
spectively. In theory, this ratio should be 84.76wt% hafnium
and 15.24wt% oxygen. The result closest to the theoretical
value was observed for the films produced using SILAR
method.
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Fig. 6. EDX spectra of HOTFs prepared using the CBD (a),
SILAR (b), and sol—gel (c) methods.

The SEM images are presented in Fig. 7. In general,
cracks were observed in the films. These cracks cause an in-
crease in the gaps between particles, which allows us to ob-
serve, via XRD analysis, the amorphous structure of the
glass that was used as the substrate. The increase in these
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cracks may cause a deformation in the structure and an in-
crease in the electrical resistance of the material. Of course,
these films are quite adequate as porous materials. The larg-
est cracks were observed in the films produced using the
sol-gel method, whereas a denser structure was observed in
the film produced by using the SILAR method. The trans-
mittance increases with increasing structure density, and
denser structures absorb more light than cracked or porous

4. Conclusions

In this study, we produced HOTFs using three different
methods to identify a method for producing good-quality
HOTFs. The SILAR, CBD, and sol-gel methods, which are
economical, simple, and do not require additional devices,
were selected for this purpose. The knowledge of chemistry
of the processes was sufficient for the application of these
methods. With respect to the XRD analysis results, we ob-
served the sharpest peaks in the patterns of the films pre-
pared using the SILAR method. The average grain sizes of
the thin films were 71, 51, and 24 nm for the films prepared
using the SILAR, CBD, and sol-gel methods, respectively,
and their respective film thicknesses were 820, 600, and 210
nm. The results of EDX and SEM analyses revealed that the
highest-quality films were produced via the SILAR method.
The films produced using the SILAR method contained
fewer cracks; EDX analysis further revealed that the films
produced by using the SILAR method contained fewer im-
purities and exhibited the highest hafnium ratio among the

structures. Therefore, we observed low transmittance in the
film prepared using the SILAR method. Similarly, we ob-
served high reflectance in the films prepared using the Sl-
LAR method. As noted in Refs. [16-17], the chemical
method is very advantageous in terms of cost. The films
could be washed with organic solvents to remove organic
contaminations, but this approach would result in solvent
contamination.

Fig. 7. SEM images of HOTFs pre-
pared using the SILAR (a), CBD (b),
and sol—gel (c) methods.

investigated films. The hafnium ratios of the films deter-
mined by EDX analysis were 82.73wt%, 63.44wt%, and
34.76wt% for those produced using the SILAR, CBD, and
sol-gel methods, respectively. Furthermore, the highest
values of the reflection curve and refractive index were cal-
culated for the film produced using the SILAR method.
During the preparation of films by the other methods, the
selected reagents were not volatilized at an annealing tem-
perature of 300°C, which was the main disadvantage of
these methods. The use of higher annealing temperatures
and longer annealing times increased the quality of HOTFs
produced with these methods; however, increasing the an-
nealing temperature and extending the annealing time will
also increase the production costs. Of course, all of the re-
agents and starting materials should be similar to allow a
perfect comparison, but similar reagents and starting materi-
als cannot be used in all methods. Thus, for each method,
reagents used in previous processes reported in the literature
or previously reported processes were used. From this
viewpoint, the SILAR method appears to be the best method
for the preparation of HOTFs.
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