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ARTICLE INFO ABSTRACT

This study is devoted to the technology and optimization of pulsed-DC reactive magnetron sputtering of hafnium
oxynitride (HfO,Ny) thin-films. The fabrication process of HfO,N, films was optimized employing the Taguchi
orthogonal tables approach leading to the material with possible best electrical parameters. During the opti-
mization procedure, the parameters of dielectric films were monitored by means of electrical characterization of
MIS structures with hafnium oxynitride as the gate-dielectric. The thermal stability of fabricated HfO,N, layers
was also examined. The presented results have shown the improved electrical parameters of fabricated films
after thermal treatment. Namely, we have observed beneficial flat-band voltage (Vg,) value, the disappearance of
frequency dispersion of C—V characteristics, reduced effective charge (Q.s/q), and interface traps (D;,) densities
of examined MIS structures. However, the permittivity value is slightly lower as compared to reference samples.
The superior stability of HfO,N, layers up to 800 °C was proved. Although the significant increase of crystalline
phase in the layer bulk was observed, no deterioration of electrical properties or surface morphology has been
noticed. The results presented in this study make the investigated HfO,N, fabricated using pulsed-DC reactive
magnetron sputtering the possible candidate as a gate dielectric in MIS structures and devices.
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1. Introduction

Even though hafnia-based dielectric materials have already replaced
thermal silicon dioxide (SiO,) or oxynitride (SiO4Ny) as the gate di-
electric in nowadays Ultra-Large Scale Integration (ULSI) devices, there
are still many important aspects to be understood and study for haf-
nium oxide materials technology and processing [1]. Thermal stability
is one of the many critical issues as several high-temperature steps are
performed after depositing the gate dielectric which strongly influences
the electrical properties of the deposited dielectric films [2]. Several
high-k materials are investigated for applications in modern electronics
and photonics, but hafnium oxide (HfO,) is the most examined material
due to its relatively large permittivity value [3], large band-gap [4],
reasonably good band offset in contact with silicon substrate [5], and
demonstrated compatibility with poly-silicon, as well as metal gate
electrodes [6,7]. What is commonly known, the HfO, exhibits strongly
suppressed gate tunneling current as compared to silicon dioxide or
oxynitride [8] that makes such film feasible as gate-dielectric material
in Metal-Insulator-Semiconductor (MIS) structures. However, the

crystallization temperature of hafnium dioxide is relatively low and it
leads to the increase of the formation of grain boundaries which are
excellent paths for oxygen, boron, and other impurities penetration into
the semiconductor/dielectric interface. These effects have to be reduced
in order to maintain reasonably low Equivalent Oxide Thickness (EOT),
leakage current density, and flat-band voltage (Vg,) fluctuations that
may degrade the particular device quality and performance [9,10].
Recently, several works have considered the hafnium oxynitride
(HfONy) as a promising dielectric material for the applications in
modern semiconductor devices, as the incorporation of nitrogen into
the dielectric layer bulk results in the increase of the crystallization
temperature [11]. Numerous methods for the fabrication of hafnium
oxynitride films can be used, i.e. high-temperature reoxidation of
physically vapor deposited (PVD) hafnium nitride (HfN) to form
HfONy, Chemical Vapor Deposition (CVD), or metalorganic chemical
vapor deposition (MOCVD) [12-14]. However, the reactive magnetron
sputtering process seems to be a very attractive method of the fabri-
cation as the synthesis offers many advantages, such as low-tempera-
ture processing (i.e. at room temperature), good uniformity, and purity
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of the deposited material, as well as good control over stoichiometry
and quality upon the sputtering's parameters [15,16].

In this work, the optimization of the technology of HfO,N, de-
posited using pulsed-DC reactive magnetron sputtering process was
presented. The experimental runs were designed according to the
Design of Experiments (DoE) method, namely Taguchi orthogonal ta-
bles [17]. DoE is a methodology for systematically applying statistics to
experimentation [18]. It can also be defined as a series of tests in which
purposeful changes are made to the input variables of a process or
system so that one may observe and identify the reasons for these
changes in the output response [19]. Numerous case studies in different
areas of application prove the advantages and potential of DoE
methods, such as Block Designs, Two-Level/General/Fractional Fac-
torial Experiments, Response Surface Methodology, or Evolutionary
Algorithms [20-22]. However, the use of orthogonal tables by means of
the Taguchi approach is easy to implement, quite effective, allows for a
large saving in an experimental effort, and simple in the analysis.
Therefore, orthogonal tables have already found number of im-
plementations in environmental [23], and agricultural sciences [24],
physics [25], chemistry [26], statistics [27], management and business
[28], or medicine [29].

The DoE method used in this study allowed for the effective re-
duction of a number of experiments to be performed to check the de-
pendencies between variables of process' parameters, i.e. magnetron
sputtering in this case and output parameters, i.e. the properties of the
investigated material or structure [30]. As a consequence of the opti-
mization process, the set of variables of reactive magnetron sputtering
process was designed giving the HfO,N, film with the best possible
electrical parameters. The changes in the properties of obtained films
during the optimization procedure were monitored employing spec-
troscopic ellipsometry and electrical characterization of purposely
fabricated MIS structures. The thermal stability of hafnium oxynitride
layers was also examined. The structural parameters and surface mor-
phology of dielectric films were investigated by means of Atomic Force
Microscopy (AFM) and Grazing-Angle Incidence X-Ray Diffraction
(GIXRD) technique. Finally, we presented the superior thermal stability
of the hafnium oxynitride layer up to 800 °C that makes the fabricated
films the possible candidates as the gate dielectric material in MIS
structures and devices.

2. Experimental

The HfO,N, films have been fabricated on (100) p-type silicon (Si)
substrates with the resistivity of 1+10 Qcm using pulsed-DC reactive
magnetron sputtering process using Plasmalab System 400 made by
Oxford Instruments Plasma Technology. Prior to the fabrication of di-
electric films, Si substrates have been cleaned by means of modified
Radio Corporation of America (RCA) method (piranha +
SC1 + SC2 + BHF dipping). The experimental part was divided into
three stages.

The first stage aimed to investigate the influence of sputtering
process' parameters onto the kinetics growth and electrical properties of
HfONy, films. For this reason, MIS capacitors with hafnium oxynitride
films, as the gate dielectric material, have been fabricated. As it was
mentioned above, the experimental runs were prepared according to
the Taguchi orthogonal tables. In this work, the Lo(3)* table was used.
This orthogonal table assumes the investigation of the influence of four
process parameters, each with three variables, onto the output prop-
erties. The number of processing steps was 9. The influence of power
applied to the electrodes, pressure in the reactive chamber, argon, and
nitrogen flow onto the thickness and electrical properties of fabricated
films were considered in this study. The time of the process in each
processing step was kept constant at 5min. Table 1 presents the se-
lected values of process' parameters for the optimization of electrical
properties of hafnium oxynitride thin films, that are investigated in this
study.
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Table 1
Selected values of pulsed-DC reactive magnetron sputtering process' selected for
the optimization of electrical properties of HfO,N, films.

Pressure (mTorr) DC power (W) Oxygen flow (sccm) Argon flow (sccm)

3 100 5 5
6 300 10 10
9 500 15 15

The obtained results allowed for the selection of the most promising
parameters in order to obtain the dielectric layer with tailored prop-
erties. Thus, in the second stage of the experimental part, the ver-
ification of the optimization procedure has been carried out and the two
sets of sputtering parameters have been designed in order to obtain a
dielectric material, i.e. (1) with the possible best, and (2) the worst
electrical parameters. The aim of this procedure was to show that the
optimization using the Taguchi approach has been performed success-
fully and the fabrication of dielectric films is controllable. In this step
we have adjusted the time of the process to obtain a dielectric film with
the thickness ~ 30 nm.

In the third stage, the MIS structures have been fabricated using the
optimized process of HfO4N, fabrication. Split experiments with an-
nealing of obtained structures have been performed by the use of the
standard furnace at 300 °C and 800 °C in the argon atmosphere for
30 min. After the annealing, the magnetron sputtering process was also
used to fabricate aluminum (Al) which was used as the top-metal gate.
The standard photolithography process using the wavelength 400 nm
was used to pattern the Al contacts. And thus the MIS structures were
divided into the ‘reference’ — without any annealing treatment, and
annealed at 300 °C and 800 °C.

The electrical measurements of fabricated structures were per-
formed with the Keysight B1500 and Keithley 4200 semiconductor
characterization system equipped with SUSS PM-8 probe station. The
MIS capacitors with the gate area of A = 1.8 x 10~ *cm? were used,
allowing the determination of the basic electrical properties of the in-
vestigated stacks. Possible changes in the electrical parameters were
investigated through capacitance-voltage (C—V), as well as current-
voltage (I-V) measurements. The methodology of the estimation of
electrical parameters of the fabricated MIS test structures was described
previously in [31]. The electrical measurements were done using
around 15 test capacitors of each type of examined MIS device. All
presented characteristics in the manuscript are representative ones. The
changes in structure and chemical composition of investigated semi-
conductor/dielectric system were studied by means of spectroscopic
ellipsometry, Atomic Force Microscopy, and Grazing-Angle Incidence
X-Ray Diffraction technique. The thickness and optical properties of
investigated hafnium oxynitride thin-films were determined using
Jobin-Yvon UVISEL spectroscopic ellipsometer in a wavelength range
from 190 nm to 850 nm. Grazing Incidence X-Ray Diffraction data were
collected on a PANalytical Empyrean Series 2 diffractometer, fitted
with an PIXcel®P detector, using Cu-Ka radiation (A; = 1.54056 A and
Ao = 1.54439 10\). Data collections were performed in the 20 range
10-80°, in steps of 0.0131°, with an effective scan time of 200 s per step.
Incidence angle was set as @ = 0.4°. Those parameters were selected as
the maximum intensity of the signal from the HfO,Ny, and the
minimum signal from the semiconductor substrate was observed.
Phases were identified with HighScore Plus suite. The surface mor-
phology characterization was done using Bruker Dimension Icon mi-
croscope in tapping mode. The images of the dimensions 5um X 5pum
were collected in order to evaluate the topography of examined mate-
rials and calculate their roughness as root-mean-square (RMS) values.
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Fig. 1. Influence of reactive magnetron sputtering process' parameters onto kinetics growth of HfO,N, films; influence of the pressure in reactive chamber and

nitrogen flow have been depicted as the insets.

3. Results and discussion

3.1. Investigations of the influence of sputtering process' parameters onto the
growth and electrical properties of HfOxN, films

Before the fabrication of MIS structures, in the first stage of opti-
mization, the influence of the input process' parameters (i.e. pressure in
the reactive chamber, DC power, and O,/N, flow) onto output para-
meters (i.e. thickness and electrical properties of obtained dielectric
films) was analyzed. It allowed for the selection of the most promising
values of sputtering parameters to fabricate the high-k films with the
best electrical properties. The first set of experimental runs within the
1st stage of optimization procedure allowed for the fabrication of di-
electric material in the range of 10 + 46 nm. The time of the process in
each processing step was kept constant at 5 min. The influence of the
sputtering's parameters onto the kinetic growth of dielectric materials
has been depicted in Fig. 1.

The results presented in Fig. 1 were shown according to the analysis
of data in the DoE method. Based on this method, these results can be
considered as not exact dependences, but the trends between selected
input and output parameters. It is reasonable to conclude that in the
range of selected variables of sputtering's parameters, the power ap-
plied to the electrodes is the most influential onto the ultimate thick-
ness of HfO,N, films, as the increase of DC-power results in the no-
ticeable increase of thickness (see Fig. 1a). The remaining parameters
can be neglected during the further optimization, as the change of
pressure, and reactive gases flow onto the thickness is not significant
(Fig. 1b) in this range.

In order to check the influence of the magnetron sputtering's para-
meters onto the electrical parameters of investigated dielectric layers,
the MIS structures with HfO,N, film act as gate-dielectric were fabri-
cated. In this step, the time of each processing step was adjusted to
obtain a dielectric film with a similar thickness of the order of 30 nm. A
similar analysis of the trends between process' parameters and basic
electrical parameters of obtained MIS structures has been performed. As
an example, the trends showing the changes in sputtering's parameters
and effective charge density (Qeg/q) or relative permittivity (k) values
have been illustrated in Fig. 2. The data presented in Fig. 2 have taken
into account the electrical parameters of as-deposited and annealed at
300 °C HfO4Ny, films.

By the analysis of the results shown in Fig. 2, it can be assumed that
the annealing at 300 °C results in the improvement of electrical para-
meters of fabricated hafnium oxynitride films. Similar results were
obtained in our previous work, which was concentrated on hafnium

oxide (HfO,) layers [32]. In all cases presented in Fig. 2, the annealed
material can be characterized by reasonably lower effective charge
density and higher relative permittivity, as compared to as-deposited
films.

As in the case of the investigation of input parameters' affection
onto thickness, DC-power applied to the reactive chamber has the most
significant influence on electrical parameters of fabricated films. As
demonstrated in Fig. 2a, the increase of the DC-power results in the
decrease of the Q.s/q value, and simultaneously, the increase of the
relative permittivity of HfOxNy film. Such a finding is very beneficial for
further optimization, as it shows the specific direction to set a particular
variable of DC-power value.

Taking into account the obtained trends between input and output
parameters, the comparable trends for as-deposited and annealed layers
were also observed. However, only in the case of the influence of
pressure onto the relative permittivity, the opposed dependence was
observed, i.e. the increase of the pressure results in the noticeably in-
crease, and decrease of the permittivity for as-deposited, and annealed
film, respectively. Nevertheless, for the sake of further optimization of
hafnium oxynitride films the dependencies obtained for annealed
samples have been taken into account as the technology of semi-
conductor-based structures demands processes that are performed at a
higher temperature, thus, the electrical properties of annealed layers
are the most important for the ultimate aim of optimization.

The trends illustrated in Fig. 2 can be used for the anticipation of the
most promising variables of process' parameters to fabricate HfO,N,
films with the best possible electrical parameters. As was mentioned
previously, the layer should be formed at higher DC-power values, as
the effective charge density as well as the permittivity show quite
beneficial values (Fig. 2a). In the case of pressure and oxygen flow
(Figs. 2b and c), both parameters should be maintained at a possibly
low level, while nitrogen flow (Fig. 2d) should be set at a higher value.
However, it is worth noting that the particular influence of reactive
gases flow shows a lower impact on the basic electrical parameters
compared to the power applied onto electrodes and pressure in the
reactive chamber.

3.2. Optimization of electrical properties of HfO,N,, thin-films

Based on the observed trends and the discussion in the 1st stage of
optimization, two sets of experimental runs have been designed as
follows: (1) with possible the best and (2) worse electrical parameters.
In this part of the work, the thickness of HfOxN,, films was 30 nm in all
cases. Such a methodology allowed for the verification of obtained
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Fig. 2. Influence of reactive magnetron sputtering process' parameters onto effective charge density and relative permittivity of HfO,Ny films.
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Fig. 3. Comparison of the hysteresis loop of C—V characteristics of MIS struc-
tures with HfO,Ny films fabricated using a designed set of reactive magnetron
sputtering's parameters; the purposely designed set of parameters in order to
fabricate material with possibly best (optimal), and worst (non-optimal) elec-
trical parameters.

trends in the first stage of optimization. The results of this experiment
have been presented in Fig. 3 that depicts the comparison of C—V
characteristics of fabricated MIS structures. The results presented in
Fig. 3 clearly show that the ‘optimal’ C—V curve can be characterized by
a lower flat-band voltage value (in absolute value), lower Equivalent
Oxide Thickness, thus higher permittivity, and lower Q.g/q compared
to the structure with HfO,N, fabricated by ‘non-optimal’ process. Both
hystereses of C—V characteristics are reasonably large that originate
from charge traps located in the HfO4N, bulk, i.e. predominantly un-
saturated Hf-O-N bonds. However, the hysteresis of the ‘non-optimal’
structure is significantly higher, and in accumulation regime, a char-
acteristic lowering of the capacitance value is observed that suggests
the increase of the leakage current. These results prove the correctness
of the methodology used for the optimization and the proper selection
of the variables of process' parameters for both types of experimental
runs.

Split experiments with the annealing at 300 °C of fabricated MIS
structures has been performed. The hysteresis loop and frequency dis-
persion of obtained C—V characteristics, compared to the curves of the
MIS device with the best electrical properties obtained in the 1st stage
of optimization, have been depicted in Fig. 4.

The results presented in Fig. 4 suggest that the MIS structures fab-
ricated in the 2nd stage of optimization are characterized by improved
electrical properties. Although the hysteresis of both investigated
structures is the same (AVg, of the order of 1 V), the flat-band voltage
value (taken into account in absolute value) and relative permittivity
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structures fabricated in the 1st (the best experimental run) and 2nd stage of optimization of electrical properties of hafnium oxynitride layers.

are —1.1V and 9.8, respectively, that are significantly beneficial
compared to the values of MIS structures fabricated in the 1st stage of
optimization (Fig. 4a). Moreover, the frequency dispersion of Vg,, which
has been shown in Fig. 4b is larger for structure fabricated in the 1st
stage of optimization suggesting the higher level of charge traps, as was
proved by the larger effective charge density, i.e. 8.6 X 10'*cm ™2 and
4.2 x 10" ecm ™2, estimated from C—V characteristics of structures ob-
tained in the 1st and 2nd stage of optimization, respectively.

Taking into account the results of optimization presented above, it
can be concluded that the application of DoE method in the form of
Taguchi orthogonal tables allowed for the fabrication of MIS structures
with HfO,Ny, layers with improved electrical parameters as compared to
the initial stage of examinations. The designed set of parameters of
reactive magnetron sputtering process has been used in the investiga-
tions of the thermal stability of hafnium oxynitride films.

3.3. Thermal stability and structural properties of hafnium oxynitride layers

In the last part of the experimental, the thermal stability of HfO,N,,
layers has been investigated. The test structures in the form of MIS
devices with 30 nm of hafnium oxynitride acts as gate-dielectric were
fabricated. Split experiments with annealing of obtained test structures
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Table 2
Basic electrical parameters estimated from the C—V characteristics analysis of
MIS devices.

Relative EOT Vi (V)  Qe/q (em™?)  Digmp

permittivity ~ (nm) (eVv - lem™?)
As-deposited 10.8 7.5 -1.8 43 x107 8.8 x 10'2
Annealed @300°C 9.4 7.9 -1.1 23 x10*? 2.4 x 10'2
Annealed @800°C 9.1 8.1 -0.8 1.4 x10" 1.3 x 10*2

have been performed using the standard furnace at 300 °C and 800 °C in
the argon atmosphere for 30 min. The C—V characteristics of fabricated
test devices are shown in Fig. 5. The basic electrical parameters eval-
uated from the C—V characteristics are depicted in Table. 2.

The significant improvement of electrical parameters of MIS struc-
tures as a consequence of the performed annealing of hafnium oxyni-
tride films is demonstrated. Although relative permittivity is a little
decreased as compared to as-deposited film (see Table 2), which results
in the increase of EOT value from 7.5 nm to 8.1 nm for as-deposited and
annealed HfO,N, layer, respectively, the other of the electrical para-
meters are improved. It is worth to emphasize that Vg,, Qcr/q, and Dimp
values are decreasing as the temperature of annealing increases. The
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Fig. 5. High-frequency (@1 MHz) C—V characteristics (a) and frequency dispersion of C—V curves (b) of MIS structures with HfO,N, before (as-deposited) and after
thermal treatment (annealed @300 °C and 800 °C); the direction of the increasing frequency was also shown.
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trend with the decrease of ‘k’ value was observed in our previous study,
in which we dealt with the investigation of the thermal stability of
scandium oxide films [33], and it is a result of changes of the nitrogen
content and passivation of dangling bonds in the dielectric material
bulk due to the thermal treatment [34].

It should also be noted that the comparison of C—V measurements of
MIS structures after the annealing shows the superior stability and the
complete disappearance of hysteresis (see Fig. 5a), and frequency dis-
persion of C—V curves (see Fig. 5b), which suggests the best electrical
parameters of annealed at 800 °C HfOsN, layer. Moreover, for the po-
sitive gate bias voltage, the deep depletion phenomenon has been ob-
served. It's believed that in this region, the TAT mechanism dominates
the current behavior, thus the carrier tunneling rate through the haf-
nium oxynitride is sufficiently large. The minority carriers generated in
the sub-surface region of semiconductor substrate directly tunnel
through the hafnium oxynitride under excess gate bias. When gate bias
sweeps through the inversion region too fast, there is no sufficient
amount of minority carriers to supply the leakage current to satisfy
electrical neutrality. The depletion region becomes broader than that in
thermal equilibrium, and the total capacitance decreases below its
thermal equilibrium value. A similar phenomenon has been observed in
[35] and it usually occurs for the lower intensity of the electric field, as
in this case. However, to fully study this phenomenon the compre-
hensive analysis of the transport mechanisms needs to be done that will
be performed in the future.

Furthermore, the measurements of current-voltage characteristics of
MIS test structures revealed slightly better insulating properties of an-
nealed HfO,Ny films compared to the as-deposited dielectric layer. In
Fig. 6, the comparison of representative I-V characteristics (shown as
the current density vs. electric field intensity) of investigated in this
work MIS structures is depicted. It is worth to underline that the
measurements were performed towards accumulation regime while the
values of electric field intensity are expressed as positive. The I-V curves
show relatively lower leakage current density and higher breakdown
voltage (Vy,) value (i.e. ~6.7 MV/cm), as compared to the structure
with as-deposited hafnium oxynitride film.

To examine the structural properties of hafnium oxynitride films
and try to link both electrical and structural properties, the Grazing
Incidence X-Ray Diffraction was performed. The GIXRD patterns of
investigated in this work as-deposited and annealed hafnium oxynitride
films are depicted in Fig. 7. The examined samples can be divided into
two groups due to the structure, i.e. abundant in amorphous and
crystalline phases. The as-deposited and annealed at 300 °C sample can

10—
10° 4
1073

10° ‘ —— as-deposited
j—@—annealed @300°C
i—0O— annealed @800°C

10 9 8 7 6 3] 4 3 2 1 0

Electric field intensity, E (MV/cm)

Fig. 6. Comparison of I-V characteristics (expressed as leakage current density
vs. electric field intensity) of MIS structures with examined hafnium oxynitride
thin-films; the curves were collected towards accumulation regime but the in-
tensity of electric field was depicted as positive.

Leakage current density, J (A/cm
5
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Fig. 7. GIXRD patterns of investigated in this study HfO,N, thin-films.

be characterized by a pattern that is typical for amorphous material,
although certain reflexes can be observed, e.g. at 2theta ~53°. How-
ever, this signal has low intensity and possibly originates from a Si
substrate.

On the contrary, the annealed at 800 °C HfO,Ny can be character-
ized by a specific crystalline structure. Structural analysis revealed that
the dielectric material is most likely composed of two phases, i.e. (1)
monoclinic of space group P 1 21/c 1 with the chemical composition of
stoichiometric hafnium dioxide (HfO,) and (2) cubic of space group I
a — 3 with the chemical composition of Hf,N,O, as shown in Fig. 8.
However, care must be taken during structure determination. Due to
the small thickness of the investigated material, the collected patterns
have very broad peak shape. For that reason, reflexes originating from
various phases can overlap with each other. Moreover, some of the
peaks, with a certain degree of probability, can be attributed to various
other phases such as HfO, orthorhombic (space group P b ¢ m), HfO,
cubic (group space F m — 3m) or Hf, 1N, ¢g tetragonal (space group I
4/m). Indeed, the simultaneous presence of two or more various phases
in hafnium oxide and oxynitride thin-films is widely reported [36-39].
Nevertheless, for the phases identified in this work, the ratio between
the monoclinic and cubic phase can be estimated at the level ~79/
21%.

Moreover, the AFM studies proved that the increase in crystalline
phases in the layer bulk has not deteriorated the surface morphology
and the homogeneity of the thickness of investigated dielectric films, as
it was depicted in Fig. 8. It is worth noting that the change of RMS
values due to the annealing is negligible, and the surface of consecutive
HfONy, films shows similar topography.

The structural rebuilt and the increase of the crystalline phase
present in the hafnium oxynitride bulk that is reported in this study can
be attributed to the improvement of the electrical properties of MIS
structures. The deterioration of the electrical behavior of high-k mate-
rials due to the significant increase of the crystalline phase as a con-
sequence of high-temperature treatment, which was demonstrated in
the literature [40,41], was not observed in our work. The literature
reports thermally stable gate-dielectric high-k films, e.g. ALD HfO,N,
[42] or HfSiON [43] with high-quality electrical properties, which is
related to the stability of the amorphous phase of dielectric material
bulk. However, the results presented in this study have proved that
although the phase of sputtered hafnium oxynitride after the high-
temperature treatment can be characterized by crystalline nature with
the inclusion of amorphous phase, the electrical properties can be still
improved as compared to reference test structures.

This is due to the rebuild of the structure of hafnium oxynitride
films that was observed after structural analysis, improved



M. Pugniak, et al.

RMS ~0.17 nm

Microelectronic Engineering 228 (2020) 111332

130m | | ][22 1B [

RMS ~0.25 nm

120m | | ] PIEBE & 1.8nm

1
0.0 1: Height Sensor 5.0um 0.0

1
1: Height Sensor 50um 0.0

1
1: Height Sensor 5.0um

Fig. 8. Morphology of studied in this work HfO,Ny films characterized by AFM: as-deposited (a), annealed at 300 °C (b), and 800 °C (c); corresponding RMS values

were also shown.

crystallization temperature and the suppression of interfacial layer
growth due to the presence of Si—N bonds in the dielectric/semi-
conductor interface [44,45]. The changes in surface morphology of
HfONy layers were not also observed, as it was shown after AFM ex-
aminations. The results presented in this work have clearly proved the
thermal stability of pulsed-DC reactively sputtered hafnium oxynitride
films and make the fabricated film as a candidate in the application in
the technology of MIS devices, e.g. in self-aligned technology as the
gate-dielectric material.

4. Conclusion

The Design of Experiments method using Taguchi orthogonal tables
has been used to choose a set of process' parameters of hafnium oxy-
nitride films with the best possible electrical properties. The optimized
dielectric films have been formed by pulsed-DC reactive magnetron
sputtering. The performed experimental runs allowed for the analysis of
the influence of process' parameters onto electrical and structural
properties of investigated thin-films. The thermal stability of HfO.N,
was also examined and the superior stability of deposited films up to
800 °C was demonstrated. The analysis of obtained C—V and J-E char-
acteristics of MIS structures confirmed the improvement of electrical
parameters of dielectric films, i.e. the lower effective charge density,
lower interface states density, as well as lower flat-band voltage (in
absolute values). Moreover, the insulating properties and breakdown
voltage value of hafnium oxynitride films were also improved, although
the relative permittivity has slightly decreased compared to samples
without any thermal treatment. Structural analysis of dielectric thin-
films revealed the increase of the crystalline phase in the bulk of di-
electric material, however, no deterioration of electrical properties of
MIS structures was observed. The findings presented in this work make
the investigated dielectric material the possible candidate as a gate
dielectric in MOS/MIS structures and devices.
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