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A B S T R A C T   

In this work, HfO2 thin films were deposited on Si (100) wafer by using reactive atomic layer deposition at 
different temperatures. By characterizing the Raman spectroscopy and XRD patterns, we find that with the 
substrate temperature increases, the structure of the film transforms continuously, and a substrate with suffi-
ciently high temperature can generate enough energy to produce a film in the crystalline phase. UV–vis ab-
sorption spectrum shows that the anti-reflection effect of the deposited HfO2 thin films is effective. The 
characteristic reflective peak of the film exhibits a slightly blue shift with increasing the substrate temperature, 
indicating that the thickness of the film decreases as the substrate temperature increases. The refractive index of 
the visible to near infrared spectral range increases with the increase of temperature, and the film becomes more 
compact. The surface morphology of HfO2 films was measured by AFM, and the skewness, kurtosis and roughness 
of the films were also analysed. Increasing substrate temperature has led to improvement in the film uniformity 
and compactness. The above results indicate that the substrate temperature is a critical parameter in determining 
the film structure, morphology and optical properties.   

1. Introduction 

In recent years, HfO2 has attracted more and more attention due to 
its unique properties and important technical applications. HfO2 is an 
excellent material due to the following characteristics, such as large 
band gap, high dielectric constant, superior surface passivation perfor-
mance, high refractive index, good stability [1,2], wide range of UV-IR 
transparency region, and high laser damage threshold (LDT) etc. [3]. In 
addition, HfO2 films are widely used in various electronic and optical 
fields because of its unique structure, optical and electrical properties. 
Moreover, in the field of optics application, HfO2 film has a good 
anti-reflection performance in some optical devices, which can effec-
tively reduce the Fresnel loss [4]. It is widely used in optical coatings due 
to its high refractive index and excellent transmittance [5]. However, 
optical applications require uniform, smooth, dense and stoichiometric 
films, especially in the ultraviolet spectral region. The reflection is the 
intrinsic mechanism of the optical loss in the transparent region of the 
material, and the extrinsic causes of optical losses may include surface 

roughness, impurities, film composition and structure nonuniformity. 
Therefore, it is significant to prepare high-purity, high-quality and 
stoichiometric films and to perform high-performance control of com-
ponents under various conditions. How to make the high-quality growth 
and optimization of HfO2 film become an urgent need for development. 

A fact is that the structural and optical properties of HfO2 thin films 
are highly dependent on the thin film deposition technology. So far, 
there are multiple conventional ways to deposit HfO2 thin films, such as 
sol–gel[6], Magnetron sputtering (RF) [7], metal organic chemical 
vapor deposition (MOCVD) [8], and plasma-enhanced chemical vapor 
deposition (PECVD) [9]. However, these methods result in poor uni-
formity and low accuracy in film thickness control during film growth. 
In addition, these methods can lead to defects in high concentrations. 
Therefore, in some cases, the sedimentary after annealing or laser con-
ditioning is used to improve quality [10]. Above all, compared with 
other deposition methods, atomic layer deposition (ALD) [11,12] dem-
onstrates significant advantages during thin film deposition, allowing 
precise and convenient control of film thickness. In addition, the thin 
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film with uniform thickness can be fabricated on a complex substrate by 
using this technology. 

The most important feature of this method is the self-limiting char-
acteristic of surface chemisorption, which offers many advantages in the 
preparation of thin films [13]. On one hand, because of the self-limiting 
nature of the reaction, the thickness of the films grown in each cycle is 
constant as long as the amount of the precursor reaches the saturation 
condition. Therefore, the method has good repeatability and large area 
uniformity. On the other hand, the thickness of the thin film is only 
determined by the growth period, which can achieve accurate thickness 
control. Nevertheless, the material growth temperature and deposition 
substrate determine the surface reaction and the transformation of film 
structure [14]. In the HfO2 film growth process, monoclinic poly-
crystalline is preferred as the main crystalline phase [15]. The substrate 
temperature has a significant impact on ALD thickness, polycrystalline 
HfO2 film structure, and crystal size [16]. The change of the structure of 
the film obviously affects the optical properties of the film, which is due 
to that the phase affects the strain in the film and the surface roughness 
as well as the refractive index [17]. The increase of deposition tem-
perature may lead to the change of crystal structure and the increase of 
surface roughness. 

The purpose of this work was to grow HfO2 films at variable substrate 
temperatures and study the effect of temperature on their structure and 
optical properties. The evolution from amorphous to polycrystalline 
phase of HfO2 thin films can be observed at every 30 �C temperature 
increase during the same deposition period. The results of substrate 
temperature experiments show that HfO2 thin films can play an anti- 
reflective role. Especially, the optimal slight fluctuation of substrate 
temperature causes the lowest value of anti-reflective in different bands, 
which provides a strong basis for new energy solar cells to absorb light 
energy bands. The small range fluctuation of substrate temperature af-
fects the growth rate of the films, thus changing the refractive index of 
the HfO2 films. There is also an inseparable relationship between the 
morphology of the films and the substrate temperature. It is well known 
that the microstructure of nanometer thin films is very important for 
optical reflectivity and refractive index. Optical parameters are affected 
by surface/interface structure, film roughness, crystal size, film unifor-
mity, growth rate, deposition temperature and defect structure. Another 
major element, the refractive index and reflectivity characteristics play 
an important reference role in the practical application of optical de-
vices. In this experimental study, HfO2 thin films with variable micro-
structures were deposited at different growth temperatures (170 �C, 200 
�C 230 �C, 260 �C and 290 �C) at 12 hPa. XRD was used to measure the 
crystallinity of HfO2 films at different temperatures. AFM was used to 
characterize the roughness of the films. Spectrophotometer was used to 
measure the change of reflectivity. Spectral ellipsometer was used to 
describe the refractive index of the films. Raman was used to confirm the 
existence of stable monoclinic structure of HfO2 films in polycrystalline 
state. In brief, this paper reported the growth temperature on the optical 
properties of HfO2 film, and establish the microscopic structure and 
application of HfO2 film function relation between the optical 
performances. 

2. Experimental details 

In this work, Tetra (ethyl methylamino) hafnium (TEMAHf) and 
deionized water (H2O) were used as precursors to prepare HfO2 thin 
films by Picosun R200 ALD system. High purity nitrogen (99.999%) was 
used as protective gas and carrier gas for deposition. Superfluous gas 
was also purged by high purity nitrogen. The thickness of p-type silicon 
(100) is about 0.5 mm. When cleaning the substrate, the organic sub-
stances on the surface was washed with detergent (acetone), then with 
deionized water in an ultrasonic washer for about 30 min, followed by 
ultrasonic cleaning with alcohol for 30 min, and finally washed with 
deionized water. Before deposition, the chamber pressure was pumped 
down to 12 hPa. The heating temperature of the precursor source bottle 

and the substrate temperature were set respectively. Then, two kinds of 
precursors were set up with carrier gas, pulse time and purge time pa-
rameters: hafnium precursor, the gas carrying capacity was 120 sccm. 
After each precursor pulse, the reaction zone was purified with nitrogen 
gas. The duration of the TEMAHf precursor pulse time was 1.6 s and the 
purification time was 5 s. The water precursor had a gas carrying ca-
pacity of 150 sccm. The duration of the precursor pulse was 0.2 s and the 
purification time was 5 s. In this study, the substrate temperature of 
HfO2 films was 170 �C – 290 �C, and the deposition period was 600 
cycles. 

For the deposition of HfO2 films with temperature as a parameter 
under ALD, the following methods were used to characterize the films. 
X-ray diffraction (XRD) measurement with Cu Kα (1.54 Å) as the inci-
dent radiation (Rigaku UltimaIV) was applied to study the phase of HfO2 
films. Atomic force microscopy (AFM) was used to characterize the 
surface roughness of the films, and the effect of deposition temperature 
on the surface morphology of the films was revealed. The ultraviolet 
visible spectroscopy (UV–Vis) and spectroscopy ellipsometry (SE) were 
carried out to obtain the optical constants of HfO2 films. A confocal 
micro Raman system with a 532 nm laser was used to measure the 
Raman spectra of the thin films. The power used was 6 mW with 40X 
lens with NA ¼ 0.75. 

3. Results and discussion 

3.1. Crystal structure 

The XRD patterns of the HfO2 films grown at different deposition 
temperatures (T) from 170 �C to 290 �C are shown in Fig. 1. The XRD 
curve of HfO2 film grown at 170 �C does not show any well-defined 
characteristic diffraction peaks of the crystal structure, indicating that 
the film is in an amorphous structure. When the deposition temperature 
rises to 200 �C, the XRD pattern of the HfO2 film starts to show some 
hints of discrete peaks, indicating that the film has begun to transform 
into a polycrystalline state, but is still mostly in an amorphous state, 
which may be attributed to the presence of small crystals in an amor-
phous matrix. When the deposition temperature is greater than 200 �C, 
the XRD pattern of the film begins to show characteristic peaks of the 
crystal structure, indicating that the film has been transformed into the 
polycrystalline state. In order to form a crystalline phase, deposited 
atoms should have enough energy, which enables the atom to be able to 
locate itself at a low energy position leading to the formation of the 

Fig. 1. XRD patterns of samples with different deposition temperatures (T).  
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crystalline phase. High substrate temperature can generate enough en-
ergy to produce crystalline phase. From Fig. 1, XRD characterization 
indicates that the HfO2 films grown at deposition temperatures less than 
200 �C are amorphous while films grown at T greater than or equal to 
200 �C are polycrystalline and oriented [18]. The preferred orientation 
of crystal growth is different in different temperature ranges. In the 
200–230 �C range, (200), (� 220) peaks emerge first, but in the 260–290 
�C range, (� 111), (011) peaks grow preferentially. This indicates that 
the crystallization temperature of monoclinic HfO2 (P21/C) is around 
200 �C and the crystalline domain size increases with the increase of T. 
Considering the stability of the phase, the film exhibits a strong (� 111) 
orientation, which may due to the existence of the lowest surface free 
energy, although there are some other small peaks, which may be due to 
the preferential orientation of other crystal directions at a higher tem-
perature. The microcrystals with the (� 111) plane perpendicular to the 
growth direction in the film represent the lowest energy direction and 
are thermodynamic preferred [19]. The results show that the deposition 
temperature plays an important role in the growth of thin film crystals. 

Fig. 2 shows the Raman spectra of HfO2 thin films grown at different 
temperature (170 �C, 200 �C, 230 �C, 260 �C and 290 �C) with 600 cy-
cles. Raman spectra were obtained in the range of 130–900 cm� 1 excited 
at 532 nm. The theoretical analysis of HfO2 Raman spectrum show that 
36 phonon modes exist in monoclinic structure, among them 18 (9Agþ
9Bg), 15 (8Auþ 7Bu), and 3 are Raman active modes, IR active modes, 
and zero-frequency translation modes, respectively [20]. The strongest 
peak at ~520 cm� 1 and 301 cm� 1 peak Fig. 2 is from the Si substrate. 
Among them, the films deposited at 170 �C show very wide signals, 
which is attributable to the fact that it is still in an amorphous structure. 
With the increase of deposition temperature, phonon modes become 
tenser due to the addition of monoclonal phase in HfO2 film. We can see 
that one new characteristic peaks (617 cm� 1) appear, which belong to 
Ag phonon modes [21]. The peak position at 301 cm� 1 Fig. 2 locally 
enlarged illustration is caused by the overtones of acoustic phonons. The 
301 cm� 1 peak strength of deposited hafnium oxide films is higher than 
that of silicon substrates, which may be caused by high frequency vi-
bration of Hf–Hf. In addition, the peak position of 617 cm� 1 is caused by 
Hf–O or O–O high-frequency vibration [22]. However, when the sub-
strate temperature was 290 

�

C, the peak position of 617 cm� 1 became 
very wide, possibly due to the stable monoclonal crystal structure and 
weakened Hf–O or O–O vibration mode. 

3.2. Film thickness and growth rate 

Fig. 3 (a) shows the dependence of the film thickness on substrate 

temperature on p-type silicon substrates, measured by SE. It can be seen 
that the film thickness decreases with the increase of temperature from 
170 �C to 290 �C. An approximate linear relationship between the film 
growth rate and substrate temperature was obtained. This phenomenon 
can be explained as follows: at a lower substrate temperature, the 
growth rate is slightly higher, which means that after each water pulse, 
the density of active adsorption sites is higher and hydroxyl groups are 
formed on the surface. With the increase of temperature, the number of 
OH-groups to participate in the surface reaction reduces[23]. Indeed, 
the deposition temperature increasing from 170 �C to 290 �C causes a 
reduction of growth rate by a factor of 1.4 (Fig. 3). In Fig. 3b, we can see 
that the films appears in different colors, blue, pink, lavender, light 
yellow, dark yellow, respectively, on p-type silicon substrates, reflecting 
the variation in the film thickness. 

3.3. Optical properties 

Fig. 4 (a) shows the reflectance spectra of the HfO2 films deposited at 
different temperatures and silicon wafer without deposition of HfO2 
film. The reflectance spectra were measured with a UV-3600 (SHI-
MADZU, Japan) spectrometer in a range from 380 to 1300 nm. 
Compared with the silicon wafer without deposition of HfO2 film, all 
ALD deposited films exhibit decreased reflectivity. All the HfO2 films 
exhibit a reflectivity minimum in the visible spectral region with the 
wavelength of the minimum depending on the film thickness, a rapid 
increase in the ultraviolet region, and significant reduction from the Si 
reflectance in the near infrared region. The plasma wavelength is usually 
close to the wavelength of the reflectivity minimum [24,25]. In addition, 
a short plasma wavelength and high infrared reflectivity are two key 
factors of thermal reflector. On this regard, Fig. 4 (a) shows a weak 
reflectivity in the spectral range of 400 nm–600 nm, and an increased 
reflectivity up to about 33% in the near infrared region, indicating a 
moderate thermal mirror effect [26]. Therefore, in the 400 nm–600nm 
transparent band, due to the internal mechanism of optical loss and the 
external cause of optical loss, the low surface roughness (AFM test re-
sults Table 1), high purity and structural uniformity of the film make the 
reflection weaken and the substrate absorption strengthen. From Fig. 4 
(a), we can observe another phenomenon. For each substrate tempera-
ture, the reflectance of the minimum wavelength point decreases to close 
to zero, and as the temperature increases, the minimum wavelength 
point is blue-shifted. One of the reasons for this phenomenon is the in-
crease of the crystalline ordering and the increase of the packing density, 
which causes the stress concentration in the crystal lattice. Lattice 
contraction decreases the film thickness, which in turn leads to the 
reduction in structural defects and roughness with increasing substrate 
temperature [27]. Therefore, this study provides a method to further 
reduce the reflectance of HfO2 film as AR optical coating. 

Refractive index profiles of the HfO2 films deposited at different 
temperatures are shown in Fig. 4 (b). The optical model of HfO2 used in 
SE fitting is a Cauchy model, which is defined as follows [28]: 

nðλÞ¼Aþ
B
λ2 þ

C
λ4 (1)  

k¼ 0 (2)  

where A, B, and C are the material coefficients that define the real part of 
the refractive index n(λ), and k is the extinction coefficient. It can be 
found that the refractive index of the film increases with the increase of 
deposition temperature. The refractive index of the film is found 
increasing at a given wavelength while the deposition temperature in-
creases. As is known to all, the temperature of the process parameters 
has a certain effect on the refractive index of the HfO2 Thin films grown. 
In general, a higher refractive index means more compact film structure 
is obtained. In particular, the refractive index of films deposited at 170 
�C are significantly lower than that of films deposited at higher Fig. 2. Raman spectra of HfO2 thin films of different deposition temperatures.  
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temperatures. Because the structure of the films deposited at 170 �C is 
amorphous, and its structure compactness is poor. Microcrystals begin to 
appear at 200 �C, and the film structure compactness gradually becomes 
better. n increases with increasing substrate temperature, which may be 
due to increasing membrane density, grain size and crystallinity [29]. 
The inset of Fig. 4b shows that with the increase of deposition temper-
ature, the refractive index gradually increase from 2.03 (for the film 
deposited at 170 �C) to 2.07 (for the film deposited at 290 �C). We use 
the refractive indexes at λ ¼ 632 nm to evaluate porosity (P) and 
packing density (PD) at different substrate temperatures using following 
equations [30,31]: 

Pð%Þ¼

"

1 �

 
n2

f � 1
n2

b � 1

!#

� 100% (3)  

PD¼

 
n2

f � 1
n2

f þ 2

!�
n2

b þ 2
n2

b � 1

�

(4) 

Values of refractive index nb for bulk HfO2 is equal to 2.098 at 632 
nm [32]. nf is the refractive index of the HfO2 film at 632 nm. For the 
film of the minimum deposition temperature of 170 �C, the minimum 
filling density is 0.96. As the deposition temperature increases, the 
filling density (Fig. 4c) gradually increases to 0.973, 0.975, 0.979, 
0.984, respectively. The porosity value (Fig. 4c) is inversely 

proportional to the filling density, and thus decreases as the deposition 
temperature increases: from 5.5% for 170 �C to 3.4% for 290 �C. This 
phenomenon is due to the enhanced attraction between Hf4þ-O2- di-
poles, lattice contraction and film density increase. It can be considered 
that the film with the highest deposition temperature has the most 
compact structure. This also indicates that ALD prepared films can have 
good compactness and high quality. 

3.4. Surface morphology 

AFM images of the films grown with various deposition temperatures 
with identical cycles are shown in Fig. 5, each in a 2 μm � 2 μm area. 
RMS roughness Sq, average roughness Sa, skewness and kurtosis are 
important parameters to obtain the microstructural properties of a thin 
film. Average roughness parameters can be calculated by means of the 
following relations [33]: 

Sa¼
1

MN
XN

j¼1

XM

i¼1
jZj
�
xi; yj

�
; (5)  

and RMS roughness parameter can be calculated using the equation 
[33]： 

Fig. 3. (a) Relationship between film thickness and deposition temperatures. (b) Photographs showing coloring of corresponding HfO2 layers, where the samples 
were illuminated by Olympus optical microscope. 
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Sq¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
MN

XN

j¼1

XM

i¼1
Z2� xi; yj

�

v
u
u
t ; (6)  

where M is the number of columns on the surface, and N is the number of 
lines on the surface. 

The results are summarized in Table 1. It is found that the surface 
roughness of samples increase with the increase of substrate tempera-
ture between 170 �C and 260 �C. Sample 1 has the smallest surface 
roughness (Sa: 1.105 nm, Sq: 1.514 nm), while sample 4 has the highest 
surface roughness (Sa: 2.541 nm, Sq: 3.106 nm). The different surface 
roughness may be due to the variation of oxygen content in the samples 
[34]. However, the surface roughness of the 290 �C film decreases, 
which may be caused by the rearrangement of atoms resulted from the 
heating of high-temperature substrate, leading to the reduction of 

roughness and good uniformity of the film. The surface crystallization 
quality becomes higher and denser as the temperature increases. The 
results are in good agreement with XRD and SE. The above results 
indicate that the surface of HfO2 film exhibits obvious high quality 
crystal morphology at the deposition temperature of 290 �C. 

In addition to Ra and Rq, two other parameters, kurtosis (K) and 
skewness (S), can be used to evaluate the surface symmetry distribution 
and peak value. Skewness and kurtosis are dimensionless factors rep-
resenting the shape of distribution. The kurtosis can be computed from 
the following relation [35,36]: 

K¼
1

R4
qN

XN

j¼1
Z4

j (7)  

Rq is the root mean square roughness. Zj is the height distribution. The 
surface kurtosis (K) is a measurement of the sharpness of the features on 
a surface. For a Gaussian surface, the kurtosis value is 3. If the kurtosis 
value is greater than 3, it indicates that the distribution has many peaks 
or low valleys with relatively sharp features. If the kurtosis value is less 
than 3, the surface is uniform and flat [36]. Surface skewness (S) is When 
a Gaussian surface, its surface skewness is 0. The features of plateau and 
peak have positive skewness, while the features of low valleys and deep 
hole have negative skewness. The skewness can be computed from the 
following relation [35,36]: 

S ¼
1

R3
qN

XN

j¼1
Z3

j  (8) 

Fig. 4. (a) Reflectance spectra of HfO2 films deposited at different substrate temperatures. (b) Wavelength dependence of refractive index for the HfO2 films. The 
inset depicts the refractive index at λ ¼ 632 nm with varying substrate temperature. (c) Packing density and porosity of the HfO2 films deposited at different substrate 
temperatures. 

Table 1 
Surface roughness parameters of the HfO2 thin films grown under different 
temperatures.  

Sample Subs. 
Temp. 
(
�

C) 

RMS 
roughness 
(nm) 

Skewness 
(s) 

Kurtosis 
(k) 

Average 
roughness 
(nm) 

1 170 �C 1.514 � 2.423 8.544 1.105 
2 200 �C 2.257 � 2.220 8.292 1.502 
3 230 �C 2.752 � 1.524 4.972 2.112 
4 260 �C 3.106 � 0.859 3.346 2.541 
5 290 �C 2.883 0.408 2.805 2.289  
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The changes of kurtosis and skewness are shown in Table 1. The 
kurtosis values of sample 1 to sample 4 (substrate temperatures from 
170 �C to 260 �C) are greater than 3, indicating that the surface height 
distributions are not Gaussian distribution and the surfaces have many 
sharp features. The kurtosis value of sample 5 is less than 3, indicating 
that the distribution of surface heights of sample 5 is more uniform. The 

skewness values are all negative for sample 1 to sample 4, but positive 
for sample 5 at 290 �C. The smaller values of sample 4 and sample 5 
indicate that the peak and valley height distributions of them are more 
symmetric. In general, as the deposition temperature of the chamber 
increases, the kurtosis value approaches 3 and skewness value ap-
proaches 0, indicating the film surface distribution is more uniform and 

Fig. 5. AFM images of HfO2 thin films deposited on Si (1 0 0) at (a) Si wafer, (b) 170 �C, (c) 200 �C, (d) 230 �C, (e) 260 �C, and (f) 290 �C.  
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flat and the crystal quality has been improved. 4. Conclusion 

In summary, a high-quality HfO2 thin film has been successfully 
fabricated by precisely controlling the growth condition using ALD 

Fig. 5. (continued). 
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technology on the p-type silicon substrate. By carefully regulating the 
temperature from 170 �C to 290 �C, a gradually phase conversion from 
amorphous structure to polycrystalline has been observed, which is 
mainly attributed to the much higher energy atom induced reaction. 
Furthermore, the dependence of morphology and optical properties of 
HfO2 films on the substrate temperature have also been systematically 
investigated, showing the positive effect on reducing the Fresnel 
reflection loss and improving the film quality under elevated tempera-
ture. More importantly, a linear relationship between film thickness and 
deposition temperature may provide a theoretical direction for the 
designed films. Considering their good anti-reflection performance and 
stability, the well-crystalline HfO2 films show promising application in 
optoelectronic device, such as the Si solar cells to significantly enhance 
their solar-to-electric conversion ability. 
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