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ARTICLE INFO ABSTRACT

Keywords: HfO, films were fabricated by plasma-ion-assisted deposition of electron beam evaporation (PIAD-EBE) for low
HfO, absorption applications in UV. The optical, structural and composition properties of the deposited HfO, films
Thi{‘ film ) were systematically investigated to evaluate the influence and its mechanism of four kind process parameters.
Optical properties The results revealed that the crystal orientation of the monoclinic phase in the HfO, films was very sensitive to
Microstructure PP . . .

PIAD-EBE momentum transfer originating from the plasma ions or the substrate temperature. Besides, the evolution of the

crystal orientation with momentum transfer showed a strong correlation with the refractive index and its in-
homogeneity in the HfO, films. An optimized HfO, film with very low extinction coefficients and high refractive
index, which was critical to UV applications such as HR mirrors and solar-blind filters, was obtained.

1. Introduction

In the last decade, UV laser sources, such as excimer lasers and
storage ring free-electron lasers, have developed rapidly [1-3]. The
application of these laser sources creates challenges regarding the
performance of the optical interference coatings used in UV laser
sources [2,3]. In contrast to visible or near IR lasers, the main reason for
the damage of the optical interference coatings in UV lasers is the ab-
sorption, which mainly arises from the high-index materials. In addition
to the resistance against laser damage, low absorption was also critical
to obtain high spectrum performance of UV HR and other UV appli-
cations, such as solar-blind detection [4-5]. Due to its relatively high
refractive index in the UV region, HfO, has been one of the few
available and the most important high-index oxide films for laser ap-
plications in the UV region down to 230 nm [3,6-7]. Actually, due to
the good optical properties from the IR to UV range [8-12], thermal
and chemical stability [14-16], higher laser resistance [16-20], and
high-k gate dielectrics [21-25]. Numerous studies have been devoted to
the fabrication and characterization of HfO, films deposited by dif-
ferent techniques, including electron beam evaporation without (EBE)
[15,16,26,27] and with energy assistance (Ion-assisted deposition and
plasma-ion-assisted deposition) [13,15,27-32], ion plating [33], ion
beam sputtering [34,35], and magnetron sputtering [36-38]. Plasma-
ion-assisted deposition (PIAD) can fabricate denser film than EBE and
provide significant potential in the tuning of film properties such as
humidity stability, stress, mechanical durability, and the material re-
fractive index. This tunability was realized by controlling process
parameters such as bias voltage, beam current, working gas and gas
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flow rate [14,28,31,32]. However, the use of ion assistance may also
shift the absorption edge of the deposited film to longer wavelengths,
resulting in higher intrinsic absorption and a decreased LIDT
[20,27,28,40]. At the same time, it is known that the structural and
optical properties of HfO, films are very sensitive to the above variables
and other deposition conditions, such as substrate temperature and
oxygen partial pressure [6,28-32,39,43,45,46]. Therefore, although
there have been many reports about the UV properties of HfO, films
deposited by PIAD, the reported absorption results have not very been
satisfying, especially for wavelengths ranging from 220 nm to 250 nm
[4,15,18,27,31,32,44]. Considering the numerous process parameters
involved in PIAD and the continually increasing requirements low UV
absorption to HfO, coatings, more detailed studies of the correlation
between the process parameters and properties of HfO, films deposited
by PIAD are necessary to achieve denser structure and lower UV ab-
sorption desired for UV laser applications [3,31].

In this work, HfO, films were fabricated by PIAD using different
combinations of four process parameters (bias voltages of the Advanced
Plasma Source (APS), substrate temperature, oxygen flow rate in the
chamber and oxygen flow rate in the APS). The optical and structural
properties of the fabricated HfO, films, including the optical constant,
absorption, spectral shift, crystallinity, surface morphology, O/Hf
atomic ratio, and SEM cross-section, were systematically characterized.
The specific influences of different process parameters on the properties
of the HfO, films were evaluated in detail by investigating the corre-
lation between the optical and structural properties of samples de-
posited with different process parameters.
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Table 1
Main deposition parameters and characterization methods.
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Sample Bias voltage (V) Substrate temperature (°C) O, flow rate in chamber (sccm) O, flow rate in APS (sccm) Non-optical analytics
S1 90 200 30 25 XRD, AFM, SEM, EDX
S2 120 200 30 25 XRD, AFM, SEM, EDX
S3 150 200 30 25 XRD, AFM, SEM, EDX
S4 90 200 20 25 XRD, AFM, SEM, EDX
S5 120 200 20 25 XRD, AFM, SEM, EDX
S6 120 150 20 25 XRD, AFM, SEM, EDX
S7 120 250 20 25 XRD, AFM, SEM, EDX
S8 120 300 20 25 XRD, AFM, SEM, EDX
S9 120 200 20 20 XRD, AFM, SEM, EDX
S10 120 200 20 30 XRD, AFM, SEM, EDX

2. Experiments
2.1. Layer deposition

All samples were prepared by a Leybold Optics Syrus Pro deposition
system (DUV 1110) equipped with a Leybold Optics Advanced Plasma
Source (APS Pro). A lanthanum hexaboride cathode (LaB6) was used in
the APS Pro due to its low defect density and high plasma current ne-
cessary for the densification of hafnia.

The deposition parameters in this study were summarized in
Table 1. The four process parameters were the bias voltage of the APS
source, substrate temperature, the O, flow rate in the chamber and O,
flow rate in the APS source. According to the possible influences of the
different parameters, comprehensive experiments involving 10 depos-
iting runs have been performed. In addition to the process parameters,
the non-optical characterization methods were also listed in Table 1.

For all the deposition runs, the film thickness was controlled by
quartz monitoring, and the deposition rate was fixed to 0.3 nm/s.
During all the deposition runs, base pressure inside the chamber before
the deposition was below 10~ mbar. In each deposition run, double-
polished fused silica with 1 in. in diameter and 2 mm in thickness were
coated for the optical measurements, and single-polished silicon was
also coated for additional non-optical analytic (EDX and SEM).

2.2. Layer characterization

2.2.1. Optical constants

Transmission and reflection spectra in the wavelength range of
200-800 nm were measured using a Lambda 950 spectrophotometer
equipped with a VN-measurement attachment for an absolute reflection
measurement. From the measured transmission and reflection spectra,
the film thickness-d and optical constants (refractive index n and ex-
tinction coefficients k) of samples deposited with different parameters
can be obtained using the OptiChar module of the commercial software
OptiLayer [41]. The optical band gap of HfO, is near 220 nm, which
means that the dispersion relationship below 220 nm may be different
from normal dispersion. In addition, HfO, films deposited by EBE al-
ways show bulk inhomogeneity in the refractive index [32,35,40,42].
For the above reasons, the precise reverse fitting of the transmission
and reflection spectra from 200 nm to 800 nm was not easy to realize
[42]. To obtain the exact refractive index and extinction coefficients of
the different samples, which is important to evaluate the influence of
different parameters, a two-step fitting strategy was adopted.

In the first step, transmission and reflection spectra in the wave-
length range of 230-800 nm were reverse fitted to obtain the film
thickness, refractive index, extinction coefficient, and the in-
homogeneity of the refractive index in the same wavelength range.
During this reversion, the refractive index of all samples was presented
in the form [42]

n(z,2) = q(z)n(d) @
where q(z) was the

inhomogeneity factor describing film

inhomogeneity and n(A) was the mean refractive index of the in-
homogeneous film. For comparability, it was assumed that all samples
were slightly inhomogeneous. A linear refractive index profile model
was used and q(z) can be expressed by the equation [42]

q(z) =1+ 8(z/d — 1/2) @
where 8 was the degree of inhomogeneity, defined as [41]
8 = (ne(1) — n;(1))/n(2) x 100% 3)

where ny and n; were the refractive indices of the top and bottom
surfaces, respectively. A standard three-parametric Cauchy model was
adopted for the n(A) and k(A).
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Then, by fixing the thickness and refractive index inhomogeneity,
transmission and reflection spectra in the 200-250 nm range were re-
verse fitted to obtain the refractive index and extinction coefficients in
the same wavelength range. A model that assumes arbitrary but smooth
dependence of refractive index and extinction coefficient on wave-
length was adopted in this reversion [41]. The refractive index and
extinction coefficients in the entire wavelength range of 200-800 nm
were obtained by combing the two wavelength range at the intersection
of them. The relative error of n and d by the above method was believed
to be below 1%.

2.2.2. Spectral shift

Evaporated films were tended to behavior a thermal and vacuum
related spectral shift due to the porous structure. To quantify the
spectral shift with time, the transmission spectrum of all samples was
measured two times. The first measurement was performed im-
mediately when the sample was taken out from the evaporation
chamber. The second measurement was performed after storage in at-
mospheric room temperature conditions for three months. The spectral
shift was defined with relative wavelength shift of transmission peak
between the two measurements, namely defined as (A;-Ao)/
Ao X 100%, where Ao and A\, was the peak wavelength around 270 nm
of the transmission spectrum in the first and second measurements.

2.2.3. SEM, AFM and XRD

To evaluate the surface topography and microstructure of HfO, film,
all samples deposited on silicon substrate have been analyzed by Field-
emission scanning electron microscopy (FE-SEM, S-4800, and
HITACHI) to obtain high-resolution images of the cross-sectional and
surface of HfO, film. In SEM measurement, the cross-section of the
cleaved sample was measured by tilted with 45°. All samples deposited
on the fused silica substrate were measured by a NanoSurf force mi-
croscope (AFM) with dynamic mode. In AFM measurement,
2 um X 2 um region is sampled with 256 X 256 points. The root mean
square (RMS) surface roughness was obtained by the AFM software. In
order to obtain crystalline information, grazing incidence X-ray dif-
fractograms of HfO, samples deposited on fused silica substrate were
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Fig. 1. a) Transmittance of all HfO, samples; b) transmittance of selected HfO, samples; c) measured and fitted spectra of samples S3 with the largest refractive index

inhomogeneity.

measured by using a Bruker D8 Advance diffraction meter (nickel-fil-
tered Cu Ka radiation, A = 0.154178 nm, 40 kV, 40 mA) in the 20
range of 20-60° with step size of 0.05°.

2.2.4. EDX

In order to obtain the composition of HfO, film, energy-dispersive
X-ray spectroscopy (EDX, genesis 2000 EDAX) of all samples deposited
on fused silica were measured with an accelerating voltage of 15 kV. To
obtain the quantitative results of the Hf/O atomic ratio in the deposited
HfO, films, an HfO, compound with a standard atomic ratio of 2 was
used to calibrate the EDX instrument before measuring the HfO, films.

3. Results
3.1. Optical properties

The measured UV-VIS transmission spectra of all samples and the
spectral shifts of selected samples were illustrated in Fig. 1a) and b),
respectively. By comparing the transmission spectra of the HfO, sam-
ples with those of the fused silica substrate, it is obvious that many
HfO, samples are inhomogeneous [42,47]. As stated in above Section
2.2.1, the exact refractive index and extinction coefficients of the dif-
ferent HfO, samples were very important to evaluate the influence of
different parameters. As a proof, Fig. 1c) presented the experimental
and fitted transmission/reflection spectra of the samples with the lar-
gest inhomogeneity of refractive index. The fitted transmission/reflec-
tion spectra agree well with the measured transmission/reflection
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Fig. 2. Optical constants of the HfO, film: a) refractive index; b) extinction
coefficients.

spectra, which indicated the relative errors in the inversion of trans-
mission/reflection spectra was very low.

The obtained refractive index n and extinction coefficients k of all
HfO, samples were depicted in Fig. 2a) and b), respectively. To cast a
clearer picture of the properties of the different HfO, samples, the film
thickness, refractive index and extinction coefficient at 250 nm, and the
spectral shift, degree of refractive index inhomogeneity, and optical
bandgap EO04 (defined as the photon energy where the absorption
coefficient a 4mk/A\ equals 10,000 cm™ 1Y) are listed in Table 2. As
shown in Table 2, one of the most impressive variations in the optical
properties is the degree of refractive index inhomogeneity, which was
directly caused by the microstructure of HfO, film. Among the four
process parameters investigated in this paper, the APS bias voltage and
substrate temperature have a significant influence on refractive index
inhomogeneity of HfO, films.

3.2. Structure-related results

Fig. 3 displays the X-ray diffraction profiles of all HfO, samples
deposited on the fused silica substrates. From Fig. 3, it can be seen that

Table 2
Survey of characterization results.
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all HfO, samples have a nanocrystalline structure of the monoclinic
phase. However, the diffraction peaks in the different samples sig-
nificantly varied. For samples S3, S7, and S8, there are two strong
diffraction peaks at approximately 20 = 28.3° and 20 = 34.3°, corre-
sponding to the (—111) and (002) crystal plane, respectively. However,
the other samples have only two other diffraction peaks located at
approximately 20 = 34.8° and 26 = 38.9°, corresponding to the (020)
and (021) crystal plane, respectively. For this reason, the crystalline
phase was divided and marked only with the (—111) or (021) crystal
plane in Table 2. To quantify the variation of crystal plane in different
samples, the crystalline sizes of (002) crystal plane in samples S3, S7
and S8, and the crystalline sizes of (020) crystal plane in the other
samples except for S5 were calculated by fitting the diffraction peaks of
the corresponding plane. For sample S5, the crystalline size of (020)
and (002) crystal plane were obtained by fitting the overlapping dif-
fraction peaks of them.

Cross-sectional SEM can intuitively display the information of the
size and arrangement of crystalline columnar in films, which is one of
the most important structure-related characterizations. From Fig. 4, it
can be seen that the size and arrangement of the crystalline columnar in
different samples varied significantly. Among them, the cross-section of
samples S3 was the most distinctive. It is obvious that the micro-
structure of sample S3 is not uniform in either the film growth direction
or its vertical direction. In the film growth direction, it seems that
sample S3 can be divided into three sublayers. Firstly, there is a thin
transition sublayer near the substrate. The middle sublayer contained
obviously the crystalline columnar structure. The top sublayer was very
thin and seemed to have happened re-melting and condensation be-
tween adjacent deposited molecules. There is no layered structure along
the direction of film growth and the boundary of the crystalline co-
lumnar structure was not very distinct for sample S1, S2, and S4. All the
samples S5-S10 exhibited similar cross-sectional, which can be divided
into a thin transition sublayer near the substrate and a top layer con-
tained obviously the crystalline columnar structure.

The measured AFM images of all the HfO, samples were illustrated
in Fig. 5, and the surface roughness were listed in Table 2. It can be seen
that both the surface morphology and roughness varied significantly
with specific process parameters. It should be noted that the surface
morphology from AFM was amazing in agreement with that from SEM
measurement.

3.3. EDX results

The obtained results of the Hf/O atomic ratio are listed in the last
column of Table 2. The O/Hf atomic ratio varies from 1.7 to 2.0 in
different samples. The O/Hf atomic ratios of sample S1 and sample S10
are close to the standard stoichiometric ratio of 2. The O/Hf atomic
ratios of the other samples are lower than 2, indicating a loss of O atoms
during the deposition of HfO,. According to EDX scans, Ar content was
detected in samples S3, S5, S7, and S8, while no Ar content was

Sample d (nm) n@250 nm Degree of inhomogeneity (%) k@250 nm (10™%) Eqq4 (eV)

Spectrum shift (%) Crystal phase RMS roughness (nm) Atom ratio (O/Hf)

Subs Fused silica Si

S1 361.0 2.057 -5.7 0.465 5.820 -0.30 (021) 1.53 1.974
S2 299.3 2.201 -7.8 0.847 5.730 0.13 (021) 1.57 1.885
S3 276.4  2.279 8.0 2.170 5.574 0.10 (-111) 0.88 1.743
S4 319.1 2127 -6.6 0.672 5.752 0.26 (021) 2.14 1.871
S5 280.8 2.249 —-4.4 1.620 5.596 0.41 (021) 3.18 1.792
S6 280.5 2.248 -39 1.500 5.598 0.62 (021) 3.90 1.793
S7 279.4  2.246 -6.8 1.520 5.615 0.37 (-111) 6.49 1.804
S8 2743 2270 0.0 1.920 5.603 0.43 (-111) 5.83 1.785
S9 337.7 2.101 -5.3 0.790 5.732 —-0.61 (021) 6.70 1.858
S10 352.4  2.067 -4.0 0.438 5.788 -0.29 (021) 6.60 1.961
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Fig. 3. X-ray diffraction curves of the HfO, samples.
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Fig. 4. Cross-sectional SEM images of HfO, samples.
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Fig. 5. Surface AFM images of the HfO, samples.

detected in the other samples. The Ar content maybe one of the reasons
for the additional UV absorption in the film [29].

4. Discussion

For UV laser applications, the most important requirement is low
loss, which is dominated by absorption and scattering [4,18,31,32].
Absorption loss is mainly due to impurities and defects. Scattering loss
arises from the structure irregularities at the interface and in the bulk.
According to nucleation formation theory, the molecular kinetic energy
and the deposition conditions are the two main factors that determine
the film microstructure and properties [37]. For PIAD techniques, the
substrate temperature and bias voltage of the APS plasma will directly
influence the kinetic energy of the deposited molecules, whereas the
vacuum will also influence the motion of deposited molecules by col-
lision with evaporated molecules [28,31,32,46]. In addition, O, can
prevent oxygen deficiencies in the HfO, film and then reduce the ab-
sorption of HfO, film. In the following, the influence of four deposition
parameters on the optical and structural properties of HfO, film was
investigated in detail.

4.1. Influence of the APS bias voltage

As presented in Fig. 6a), the refractive index at the wavelength of
250 nm increased gradually when the bias voltage increased from 90 V
to 150 V. At the same time, it can be seen from Fig. 6¢) that, after
storage in atmospheric conditions for three months, samples S2-S5 ex-
hibited a redshift of transmission spectrum, which was an indication of
the presence of void structure in the film. It indicated that, even though
the film became denser when bias voltage increased, there are still void
in the film. Seen from Table 2, the refractive index inhomogeneity was
negative when the APS bias voltage was less than or equal to 120 V,
while it became positive when the APS bias voltage was 150 V. The
sharp variation of the refractive index inhomogeneity with bias voltage
indicated that APS bias voltage has a significant influence on the mi-
crostructure of HfO, films. Importantly, this variation can be further
verified by the variation of microstructure with bias voltage in the later.
From Fig. 6b), the optical band gap decreased gradually when the bias
voltage increased from 90 V to 150 V. It can be explained by the de-
crease of O/Hf atomic ratio in the HfO, films with the increase of bias
voltage obtained from the EDX results in Table 2. In addition, the
presence of Ar content was also a reason for higher absorption in
sample S3 [28].

As shown in Fig. 3, most of the HfO, films mainly contained (020)
and (021) crystal plane when the bias voltage was less than or equal to

120 V(samples S1, S2, S4), while the HfO, films contained only (002)
and (—111) crystal plane instead of (020) and (021) crystal plane when
the bias voltage was 150 V (sample S3). Sample S5 was a special case. It
simultaneously contained (020), (021) and (002) crystal plane. Fig. 6d)
presented the crystalline sizes of (020) crystal plane for samples S1, S2,
S4 and S5 and (002) crystal plane for samples S3 and S5. As shown in
Fig. 6d), the crystalline size of HfO, film increased gradually with the
increase of APS bias voltage. Seen from Fig. 4, the cross-sectional
structure of most HfO, films exhibited a uniform arrangement of crys-
talline columnar in both film growth direction and its vertical direction,
when the bias voltage was less than or equal to 120 V(samples S1, S2,
S4). At the same time, the boundary of crystal grain was also very faint.
However both the size and arrangement of the crystal columnar
changed drastically along the film growth direction when the bias
voltage was 150 V (sample S3). The cross-sectional of sample S5 can be
divided into a thin transition sublayer near the substrate and a top
sublayer contained large crystalline columnar along the film growth
direction. From the AFM results of S1-S5 in Fig. 5, the significant in-
fluence of APS bias voltage on the surface morphology of HfO, film was
obvious. The RMS value became larger when the APS bias voltage in-
creased from 90 V to 120 V, and then decreased quickly when the APS
bias voltage was 150 V.

From the above XRD and SEM results, it can be seen that the var-
iation of cross-sectional structure with APS bias voltage was very si-
milar to that of crystal orientations in total. At the same time, from the
above SEM and AFM results, it can be found that, the surface mor-
phology from AFM measurement was amazingly consistent with that of
SEM measurement. More importantly, combining the variation of op-
tical and structural properties with APS bias voltage, it can be con-
cluded that the variation of crystal orientation and cross-sectional
structure with bias voltage can not only explain the variation of re-
fractive index, but also the variation of the refractive index in-
homogeneity with APS bias voltage. It provided a clue for fabricating
homogeneous HfO, films by PIAD [29].

In general, Preferential crystalline orientations mainly depend on
ad-molecules energy [29], substrate temperature, and surface energy of
crystallite with different orientations [50]. The increase of kinetic en-
ergy of the assisted plasma/ions with the increase of bias voltage will
directly increase the ad-molecules energy and may make the deposition
condition transferred from zone T to zone II according to the structure
zone model of Messier [48] and Thornton [49]. So it indicated that film
growth of sample S1, S2, and S4 were located in zone T, while film
growth of sample S3 was located in zone II, and film growth of sample
S5 was located between zone T and II. It determined the variation of
crystal orientation, cross-sectional structure and surface morphology
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with APS bias voltage.

4.2. Influence of substrate temperature

From Fig. 7a) and b), the HfO, films (Sample S6, S5, S7) have nearly
the same refractive index at the wavelength of 250 nm and optical
bandgap when the substrate temperature was less than or equal to
250 °C. The refractive index at 250 nm increased slightly and optical
bandgap decreased slightly when the substrate temperature increased
to 300 °C (Sample S8). At the same time, it can be seen from Fig. 7c)
that, the transmission spectra of all samples S5-S8 shift to longer wa-
velengths after storage in atmospheric conditions, which was an in-
dication of the presence of void structure in the film. However, it can be
seen from Table 2 that, the negative degree of refractive index in-
homogeneity became more severe when the substrate temperature in-
creased from 150 °C (sample S6) to 250 °C (sample S7), while the re-
fractive index became homogenous when substrate temperature further
increased to 300 °C (sample S8). The sharp variation of the refractive
index inhomogeneity when substrate temperature increased from
250 °C to 300 °C indicated the corresponding change of microstructure
in HfO, films, which can be verified in the following.

From Fig. 3, the variation of crystalline orientations in HfO, films
with substrate temperature can be divided into three kinds. For the
(020) and (021) crystal plane, the diffraction intensities increased
slightly when substrate temperature increased from 150 °C (sample S6)
to 200 °C (sample S5). However these two orientations disappeared
when substrate temperatures were 250 °C (samples S7) and 300 °C
(samples S8). For the (002) crystal plane, it can be hardly detected in
sample S6 and begin to appear in sample S5. Its intensity increased in
sample S7 and then decreased in sample S8. For the (—111) crystal

plane, it could not be detected in samples S6 and S5. However, it ap-
peared in samples S7 and S8, and its intensity increased when the
substrate temperature increased from 250 °C (sample S7) to 300 °C
(sample S8). Fig. 7d) presented the crystalline sizes of (020) orientation
for samples S6 and S5, and the crystalline sizes of (002) crystal plane for
samples S5, S7, and S8. As shown in Fig. 7d), though the crystalline
sizes of samples S5-S8 increase gradually with increasing substrate
temperature, the absolute increment of crystalline size was relatively
small. From Fig. 4, it can be seen that, though both the top morphology
and cross-sectional of HfO, films were similar when the substrate
temperature was less than or equal to 250 °C(samples S6, S5, S7), the
crystalline grain became more apparent and regular when substrate
temperature increased from 150 °C to 250 °C. When substrate tem-
perature increased from 250 °C to 300 °C (samples S8), the top mor-
phology of HfO, films became more coarse and cross-sectional structure
exhibited a significantly sharp change. In addition, there is a thin
transition sublayer near the substrate in all four samples. From the AFM
results of sample S5-S8 in Fig. 5 and Table 2, it was obvious that, the
top morphology of all four sample was similar each other, but the RMS
value decreased gradually when substrate temperature increased from
150 °C to 250 °C and then increased quickly when substrate tempera-
ture increased to 300 °C.

From the above XRD, SEM and AFM results, it can be seen that the
variation of crystal orientations with substrate temperature was a bit
different from that of cross-sectional structure, but the variation of top
morphology from AFM was amazingly consistent with that from SEM.
Combining the variation of the optical and structural properties with
substrate temperature, it can be found that the variation of the cross-
section with substrate temperature can intuitively explain that of the
refractive index with substrate temperature. When the sharp change of
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Fig. 7. Refractive index, Eo4, spectral shift, and crystalline size vs. substrate temperature.

the refractive index inhomogeneity in samples S7 and S8 was con-
sidered, the influence of (—111) crystal plane on the microstructure
and then on refractive index homogeneity was obvious. As stated in
Section 4.1, preferential crystalline orientations mainly depend on ad-
molecules energy [30], substrate temperature, and surface energy of
crystallite with different orientations [50]. The increase of substrate
temperature will directly increase the ad-molecules energy, which may
make the deposition condition transferred from zone T to zone II ac-
cording to the structure zone model of Messier [48] and Thornton [49].
It may be the reason for the transition of preferential orientation from
(020) crystal plane in sample S6 and S5 to (—111), (002) and (013)
crystal plane in sample S7 and S8.

4.3. Influence of O flow rate in chamber

It should be noted that, though all the samples discussed in this
section have been discussed in Section 4.1, the influence of the chamber
O, flow rate was focused here. As shown in Fig. 8a) and b), the re-
fractive index of HfO, films decreased while the optical band gap in-
creased when the chamber O , flow rate increased from 20 sccm to
30 scem, regardless of the bias voltage was 90 V or 120 V. Seen from
Table 2, the refractive index inhomogeneity of samples S1, S2, S4, and
S5 were all negative. However, the variation trend of refractive index
inhomogeneity with chamber O, flow rate in the investigated range of
this paper was not clear. The EDX results showed that the O/Hf atomic
ratio increased with the increase of chamber O, flow rate, regardless of
whether the bias voltage was 90 V or 120 V. It can explain the variation
of the optical band gap with the chamber O, flow rate.

Seen from Fig. 3, all the HfO, films contained (020) and (021)
crystal plane regardless of the chamber O, flow rate was 20 sccm
(sample S4 and sample S5) or 30 sccm (sample S1 and sample S2),
while sample S5 contained additional (002) crystal plane. But as shown
in Fig. 8d), the crystalline size decreased when the chamber O, flow
rate increased from 20 sccm to 30 scem. As discussed in Section 4.1, the
crystalline grain in samples S1, S2, and S4 distributed uniform in both

the film growth direction and its vertical direction, while the crystalline
grain arrangement of sample S5 was obviously not uniform in the film
growth direction. In addition, SEM results indicated that the crystalline
grain in samples S4 and S5 was obviously larger than that in samples S1
and S2. From AFM measurements, it can be seen that the chamber O,
flow rate has a significant influence on the surface top morphology of
HfO, film, and the RMS value decreased significantly when the
chamber O, flow rate increased from 20 sccm to 30 scem, regardless of
the bias voltage was 90 V or 120 V. Importantly, top morphology from
AFM measurements was amazingly consistent with that of SEM mea-
surement.

From the above XRD, SEM, and AFM results, it can be seen that the
variation of cross-sectional structure with the chamber O, flow rate was
well similar to that of crystal orientations in total, and the surface
morphology from AFM measurement was amazingly consistent with
that of SEM measurement. More importantly, the variation of micro-
structure with the APS O, flow rate can well correlate to that of optical
properties. According to film formation theory, an increase of the
chamber O, flow rate will directly decrease the vacuum of the coating
chamber and then decrease the kinetic energy of deposited particles by
collisions with evaporated molecules. It resulted in looser micro-
structures and a lower refraction index of the HfO, film.

4.4. Influence of O flow rate in the APS

As presented in Fig. 9a) and b), when the APS O, flow rate increased
from 20 scem to 25 scem, the refractive index of HfO, film also in-
creased, while the optical band gap decreased. When the APS O, flow
rate further increased from 25 sccm to 30 scem, the refractive index of
HfO, film decreased, while the optical band gap increased. As presented
in Table 2, all samples S9, S5 and S10 exhibited negative refractive
index inhomogeneity and the O/Hf atomic ratio decreased when the
APS O, flow rate increased from 20 sccm to 25 scem and then increased
when the APS O, flow rate further increased to 30 sccm. The variation
of the O/Hf atomic ratio with the APS O, flow rate explained that of the
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increased to 30 sccm. From Fig. 4, it can be seen that, the cross-sec-
tional structure of all samples S9, S5 and S10 were similar and has an
obvious transition sublayer near the substrate and large crystalline
columnar along the film growth direction. The top morphology of all
three samples was also similar. But it seems that the top morphology of
sample S5 was more smooth than sample S9 and S10. The top mor-
phology from AFM measurements was consistent with that of SEM
measurement. The RMS decreased significantly when the APS O, flow
rate increased from 20 sccm to 25 scem and then increased significantly
when the APS O, flow rate further increased to 30 sccm.

From the above results, it can be seen that the variation of optical
properties with the APS O, flow rate was well correlated to that of
microstructure. Importantly, the influence of the APS O, flow rate on
the microstructure and optical constants of HfO, film was not mono-
tonous when the APS O, flow rate was in the range from 20 sccm to
30 sccm, which indicated that the APS O, flow rate was a very sensitive
process parameter. In general, the increase of the APS O, flow rate not
only changed the partial pressure of O, and the vacuum of chamber, but
also changed the Ar/O ratio and kinetic energy of assisted plasma.
When the APS O, flow rate increased from 25 sccm to 30 scem, the
comprehensive effects were to decrease the vacuum of the coating
chamber and the kinetic energy of the evaporated particles, which in-
duced a looser microstructure, smaller crystalline size, and lower re-
fractive index. But the optical band gap increased due to the increase of
O, atoms/ions partial pressure. When the APS O, flow rate increased
from 20 sccm to 25 scem, it seems that the change of Ar/O ratio and
kinetic energy of assisted plasma played a more important role than
that of chamber vacuum and O, partial pressure, which induced a
denser structure, larger crystalline size, higher refractive index and
absorption.

4.5. Comparison with literature data

Fig. 10 presented the optical constants at the wavelength of 250 nm
of the selected samples (S2 and S5) and the corresponding data in the
literature [6,15,18,28,31]. Omitting the influence of film thickness and
refractive index inhomogeneity, it was obvious that the refractive in-
dices of samples S2 and S5 were similar to that of the selected literature.
But the extinction coefficients of samples S2 and S5 are nearly the
lowest in all the compared data. As shown in Table 2, the surface
roughness values of samples S2 and S5 were 1.57 nm and 3.18 nm,
respectively. These values are also relatively low when compared to
that of the selected literature.

Using HfO, film with the property of sample S5 as a high-index
material and SiO, film as a low-index material, a 248 nm HR with an
incident angle of 45° was designed and fabricated. This HR sample
adopted a standard quarter-wave design contained 32 layers in total.
Fig. 11 presented the measured reflection spectrum. The reflectivity
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Fig. 10. Extinction coefficients vs. refractive index at 250 nm. S2-PIAD and S5-
PIAD originate from the present study.
The other data are taken from the literature [6,15,18,28].
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was close to 99.5% at 248 nm, which confirmed the excellent UV op-
tical properties of sample S5 in this study.

5. Conclusion

HfO, films were prepared by varying four process parameters of
PIAD, including the APS bias voltage, the substrate temperature, the
chamber O, flow rate and the APS O, flow rate. The optical and
structural properties of the deposited HfO, films, including the re-
fractive index, extinction coefficient, optical band gap, spectral shift,
crystalline state, surface morphology, SEM cross-section, and O/Hf
atomic ratio, were systematically characterized. The specific influences
of different process parameters on the properties of the HfO, films were
evaluated in detail by investigating the correlations between the optical
and structural properties. The obtained results favor a more detailed
understanding of the specific roles or influence mechanisms of the four
different parameters in the elementary deposition processes of HfO,
films deposited by PIAD.

e As the APS bias voltage increased from 90 V to 120 V, the crystal-
linity of the HfO, films gradually changed from a weak monoclinic
phase to a strong monoclinic phase, which mainly consisted of (020)
and (021) crystal plane. As the bias voltage further increased to
150 V, the (—111) and (002) crystal plane became the preferred
growth orientations, while the (020) and (021) crystal plane became
limited growth orientations. As a result, the crystalline size, re-
fractive index, and absorption of the HfO, films gradually increased
with increasing bias voltage. In addition, the refractive index in-
homogeneity was negative when the bias voltage was less than or
equal to 120 V and became positive when the bias voltage was
150 V.

® As the substrate temperature increased from 150 °C to 300 °C, the
crystallinity of the HfO, films gradually changed from a weak
monoclinic phase to a strong monoclinic phase, accompanied by a
significant increase of the crystalline size and variation of the main
orientation. As a result, the refractive index of the HfO, films gra-
dually increased with increasing substrate temperature, while the
absorption was nearly unchanged. The refractive index in-
homogeneity was negative when the substrate temperature was less
than or equal to 250 °C and became positive when the substrate
temperature was 300 °C.

e As the chamber O, flow rate increased from 20 sccm to 30 scem, the
crystalline size, refractive index, and absorption of the HfO, films
also decreased. However, the decrease was relatively small.

e As the APS O, flow rate increased from 20 sccm to 30 sccm, the
influence on the optical and structural properties was not mono-
tonous and more complex than that of the chamber O, flow rate.

® By comparing the refractive index and extinction coefficients at the
wavelength of 250 nm with those in the literature, it can be con-
cluded that the optimized HfO, samples have been obtained with
very low UV absorption, which will facilitate the production of UV
coatings with high laser damage resistance and high spectrum per-
formance.
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