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Hard, and optically transparent amorphous HfgB12SiagY2CoNys and HfsB13SiasHo3CoNag films were prepared by
reactive pulsed dc magnetron co-sputtering and annealed up to 1500 °C in air. The evolved microstructures were
studied by X-ray diffraction and transmission electron microscopy to understand the Y- and Ho- doping effects on
thermal stability and oxidation behavior. A three-layered microstructure developed in both annealed films. A
fully oxidized layer formed at the top surface consisting of cubic fluorite Hf(Y/Ho0)O2 nanoparticles embedded in
an amorphous SiOx-based matrix. The oxide layer is about 36 % thinner compared to undoped films with similar
composition [1]. A recrystallized structure formed at the bottom of both films composed mainly of Hf(Y/Ho)N
and a-/B-SisN4. All Hf(Y/Ho)N in the middle layer was oxidized producing vertically oriented Hf(Y/Ho)O2
nanocolumns surrounded by Si3N4 nanocrystalline. The Y- and Ho- doping found to stabilize the cubic fluoride
oxide structure and promoted its (1 1 1) columnar texture. The oxidation mechanism of SisN4 nanodomains
occurs via formation of $-SiO, first followed by its transformation to amorphous SiOy. It is suggested that sub-
stitution of HF** with Y3* and Ho®" ions within the Hf(Y/Ho)O, formed an anion vacancy defect structure to

preserve charge neutrality affecting the oxidation mechanism in the doped films.

1. Introduction

HfBy- and ZrBgp-based ultra-high temperature ceramics possess
desirable properties of high hardness, high melting point, superior
oxidation resistance, and good thermal stability. These ceramics are
potential candidates for high temperature applications such as critical
frame structure of hypersonic vehicles, high-speed cutting tools, re-
fractory linings and high-temperature electrodes and microelectronics
wherein the operation temperatures are well above 1000 °C [2-17].
These materials have attracted tremendous attention and have been
extensively studied in the recent years. It has been found that their high
temperature oxidation resistance is due to the formation of an oxide
layer, consisting of a metal oxide skeleton in a silicon oxide matrix
providing excellent protection against further oxygen permeation
[7,10-12,15,18-22]. We have recently reported on Hf-B-Si-C films
exhibiting high hardness, high electrical conductivity, and good oxida-
tion resistance up to 800 °C [23] and on high-temperature oxidation
resistant Si-B-C-N films exhibiting superior oxidation resistance and
thermal stability up to 1700 °C [18,22,24]. Therefore, incorporating
nitrogen into the Hf-B-Si-C system can play an important role in
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improving the high temperature oxidation resistance of these ceramic
films.

Most recently, we have published works on a series of Hf-B-Si-C-N
films with variations in N and Si content in the film composition.
These films exhibit superior high-temperature stability and oxidation
resistance at temperatures up to 1600 °C and are promising candidates
for high-temperature protection of optical and optoelectronic devices or
capacitive sensors used in harsh environments [1,25-27]. A compre-
hensive microstructure analysis utilizing high-resolution transmission
electron microscopy (HRTEM) and selected-area electron diffraction
(SAED) was conducted to understand the relationship between film
composition and microstructure evolution at high temperatures, the
effect of the Si:B ratio in view of their N content on the evolved
microstructure and the oxidation mechanism of Hf-B-Si-C-N films. It was
found that after being annealed up to 1500 °C in air, the original
amorphous Hf-B-Si-C-N films developed into a layered structure with a
fully oxidized top layer followed by a bottom layer with a structure
dependent on the N content and Si:B ratio [1,25,27]. The bottom layer in
high N (>45 at.%) and low Si:B ratio (~1:1) films remains amorphous.
However, in low N or high Si:B (~3:1) ratio films, the bottom layer
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partially recrystallizes forming HfBy, HfN and Si3Ny. In films with high N
and high Si:B ratio, the bottom layer is mainly amorphous with presence
of short range ordered structures.

Recent reports have shown that rare-earth silicates RE2SiOs (Re =Y,
Yb, Ho, etc.) can form a more stable protective barrier layer than pure
silica in hot sections of gas turbine engines by limiting reaction with
high-temperature steam [28-32]. We recently investigated the effect of
a small addition (2 ~ 3 at.%) of Y or Ho in Hf-B-Si-C-N on the film
properties [33]. The Hf6B125i29Y2C2N45 and Hf5B13Si25H03C2N43 films
were found to exhibit enhanced high-temperature oxidation resistance
and thermal stability compared to their undoped counterpart. In the
present study, we investigated the microstructure evolution of the
HfB12SiogY2CoNys and HfsB13SiosHo3CoNyg films after annealing up to
1500 °C in air. A comprehensive TEM microstructure analysis was
conducted to understand the effects of Y- and Ho- doping on the evolved
microstructure and the oxidation mechanism of these extraordinary
stable Hf-B-Si-Y/Ho-C-N films.

2. Experimental

Hf-B-Si-Y/Ho-C-N films were deposited by reactive pulsed dc
magnetron co-sputtering of a target (127 x 254 mm?) consisting of a B4,C
plate overlapped by Hf, Si and Y or Ho stripes with the fixed 15 % Hf +
50 % Si + 5 % Hf/Y/Ho fractions in the target erosion area. The
magnetron was driven by a pulsed dc Riibig MP 120 power supply
operating at a repetition frequency of 10 kHz and an average target
power of 500 W in a period with a fixed 50 ps negative-voltage pulse
length and short-lived high positive voltage overshoots (higher than
200 V, as shown and discussed in the reported work [33]. The base
pressure before each deposition was lower than 1 x 10" Pa. The total
pressure of an argon-nitrogen mixture used for the depositions was 0.5
Pa with a nitrogen fraction of 25 %. The films were deposited onto Si(1
0 0), 6H-SiC and Cu substrates. The SiC substrate was used for annealing
experiments above 1300 °C (to avoid melting of the Si substrate) and the
Cu substrate for DSC analysis. No significant effect of the substrate type
on the structure and the properties of the films was observed. The target-
to-substrate distance was set to 100 mm. The substrates were held at a
floating potential and the substrate temperature was 450 °C.

The thickness of the films was measured by a Veeco Dektak 8 Stylus
profilometer with a vertical resolution of 0.75 nm. The elemental
composition of the films was determined by the Rutherford backscat-
tering spectrometry (RBS) and the elastic recoil detection (ERD)
methods. The contents of Hf, B, Si, Y, Ho, C, N, Zr, O and Ar were
measured by RBS, while the content of H by ERD. Regarding the
constitutive elements (Hf, B, Si, Y/Ho, C, N), the maximum measure-
ment error is 3 at.%. Regarding other elements detected in the film (Zr as
an impurity of the Hf stripes, H, O and Ar), their total content does not
exceed 4 at.%.

The mass changes of the Hf-B-Si-Y/Ho-C-N films on the SiC sub-
strates during dynamical annealing were measured by thermogravim-
etry (TG) using a symmetrical high-resolution Setaram TAG 2400 system
with an accuracy of + 1 pg. The films with a size of 1 x 1 cm? were
annealed in air at a flow rate of 1 1/h from room temperature up to
1500 °C, at a heating rate of 10 °C/min and cooling rate of 30 °C/min.

The crystallographic structure of the annealed films was first studied
by X-ray diffraction (XRD) in a Bruker D8 Advance Diffractometer using
a Cu Ka radiation at an applied voltage of 40 kV and current of 40 mA.
Phase analysis was performed in a grazing incidence mode with a
glancing angle of 5°, 20 range from 10° to 62° and step size of 0.01°.
Plan-view TEM samples were prepared by mechanical grinding and
polishing, followed by dimpling using a Gatan Model 656 dimple grinder
and Ar-ion milling in a Gatan Model 691 precision ion polishing system
(PIPS). Cross-section TEM samples were also prepared using focus-ion
beam (FIB) in a FEI Strata 400 dual-beam system and final cleaned by
PIPS. Selected-area electron diffraction patterns, TEM and HRTEM im-
ages were recorded in a Hitachi H-9500 electron microscope operated at
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300 keV with a point resolution of 0.18 nm.
3. Results
3.1. XRD analysis

Fig. 1 presents the XRD spectra of the as-deposited [33] and the
annealed Hf-B-Si-Y/Ho-C-N films in air to 1500 °C using low-angle
diffraction to avoid the excessive signal from the SiC substrate. The as-
deposited films possess a pure amorphous structure. The spectra of
both annealed films present weak peaks (100), (101), (110), (200),
(202) and (222) of hexagonal SigN4 (h-SisN4, PDF#05-5074, hexago-
nal, a = 7.753 10\, c = 5.618 10\, P3;c) [38] at 13.15°, 20.62°, 23.12°,
26.81°, 41.79° and 57.70°, respectively. In the XRD spectrum of the
annealed HfgB15SisgY2CoNys film, major peaks at 30.07, 34.82, 50.10°
and 59.54 with a d-spacing of 2.969 A, 2.574 A, 1.820 A and 1.551 A, are
respectively close to (111), (200), (220), and (311) of hafnium yttrium
oxide Hf,Y,0, (HYO) (PDF#24-1406, a = 5.201 A, Fm3m) [34,35].
Similarly, the major peaks in the spectrum of HfsB;3SissHo3CoNyg at
29.98, 34.71; 49.96 and 59.44 with a d-spacing of 2.978 A, 2.582 A,
1.824 A and 1.554 Z\, are respectively close to (111), (200), (220), and
(311) of hafnium holmium oxide Hf;Ho,07 (HHO) (PDF#24-0473,a =
5.206 10\, Fm3m) [34]. Due to the small Y and Ho additions to the present
films, a Hf/(Y/Ho) ratio higher than 1 is expected in the hafnium oxides
along with a variation in the lattice parameter. These oxides can be
represented as Hf; 4YxO2 x/2 (HYO) and Hf; yHo4O2 x/2 (HHO), respec-
tively. It is interesting to note that both H(Y/H)O oxide phases exhibit a
cubic structure in contrast to the monoclinic or orthorhombic structure
previously observed for the HfO, phase in the annealed undoped Hf-B-
Si-C-N films [1,25,27]. Finally, both films show the presence of face
centered cubic (fcc) HFCN (PDF#2-2469, a = 4.586 f\, Fm3m) [34] with
the (111) reflection being at the left shoulder of the (200) H(Y/H)O
peak and a (200) peak at 39.75° with a d-spacing of 2.26 A.
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Fig. 1. (a) Low-angle XRD spectra of the as-deposited and annealed
HfB12Si29Y2CoNys and HfsB3SiasH03CoNyg films in air to 1500 °C.
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3.2. TEM studies
Microstructure of annealed HfgB15SiogY2CoNys film.

3.2.1. Overdll film structure

Fig. 2(a) shows a cross-section TEM image of the annealed
HfgB12SiagY2CaNys film presenting a clear multi-layered structure of: (i)
a ~ 185 nm thick nanocomposite oxide layer (OL) with spherical
nanoparticles dispersed in a rather amorphous SiOx-based matrix on the
top surface followed by (ii) a ~ 500 nm thick transition layer (TL) and
(iii) a ~ 1350 nm thick graded recrystallized layer (RL) underneath. The
total thickness of the annealed HfgB15Si29Y2CoNys film is 2035 nm. X-ray
energy-dispersive spectroscopy (EDS) analysis shows that the spherical
nanoparticles in the top OL show only presence of Hf, Y, and O, Fig. 2(b),
suggesting that most of the Y is incorporated in the HYO nanoparticles.
EDS analysis from the matrix presents only Si and O from amorphous
SiOy. EDS spectra from the bottom of the graded RL present mainly Si,
Hf, Y, and N and a small amount of O towards the top of the RL. The O
content increased along the thickness of the RL. It is noted though that
EDS is simply not able to capture B due to of its low photon energy
(0.185 keV).

3.2.2. Microstructure of the top oxide layer

Fig. 3(a) presents a zoom-in cross-section TEM image of the top OL in
the annealed HfgB15SiagY2CoNys film exhibiting a similar microstructure
to that of Hf-B-Si-C-N film reported previously [1,25,27]. A clear
interface is evident at the bottom of Fig. 3(a) showing the transition
between the OL and TL. Fig. 3(b) shows a plan-view TEM image of the
OL in the annealed HfgB12Si29Y2CoNys film obtained by removing the
bottom layers and substrate presenting a typical microstructure of the
OL over a much larger area of the film plane. The spherical nanoparticles
are composed of Hf, Y and O (Fig. 2(b)) and have a size varying from ~
20 nm to ~ 160 nm. They are well-dispersed in a SiOx-based amorphous
matrix. Fig. 3(c) is a SAED pattern taken from the top OL in a plan-view
TEM foil presenting four rings composed of sharp diffraction spots. The
diffraction rings I, IL, III, and IV have a lattice spacing of 2.99 10\, 2.59 A,
1.83 A and 1.56 A, which can be identified as the (111), (200), (220),
and (311), respectively of a hafnia yttria fluorite phase Hf; xYxO2.x/2
(Fm3m, a = 5.18 10\) [35]. As noted earlier, the lattice constant of this
oxide is somewhat smaller than that of Hf,Y>07 (a = 5.201 A) due to its
lower Y content.

Fig. 3(d) shows a nanobeam electron diffraction (NBED) pattern
taken from particle X in Fig. 3(a) exhibiting the [11 0] zone diffraction
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pattern of the fluorite phase Hf; ., YxO2.x/2. Fig. 3(e) and (f) exhibit NBED
patterns taken from particles Y and Z in Fig. 3(b) exhibiting the [001]
and [112] zone diffraction pattern of the fluorite phase Hfj Y502/,
respectively. The SAED and NBED analysis demonstrate that the
spherical Hf; ,Y4x024/2 nanoparticles have a fluorite type structure,
different from that of the previously observed HfO, nanoparticles that
have a monoclinic, orthorhombic, and/or tetragonal structure
[1,25,27]. Fig. 3(g) presents a HRTEM image of a part of a Hf x\YxOo.x/2
nanoparticle oriented along the [112] of the fluorite type structure. The
image provides further evidence for the formation of fluorite Hf; YxO5.
x/2 hanoparticles along with a seamless interface with the amorphous
SiO4 matrix in the annealed HfgB12SiogY2CoNys film.

3.2.3. Microstructure of the transition layer

The TL in Fig. 2(a) appears as a complex of vertically oriented
columnar structures, like that observed in the annealed HfgB1(Si31 CoNsq
and Hf;B(Si32CoNy4 films [1]. A plan-view TEM image of TL, obtained
by removing the top OL and the bottom RL layer and substrate, is shown
in Fig. 4(a). Dark island-like structures or streaks of particles are linked
together forming borders to enclose bright domains. The dark borders
have a thickness of ~ 10 nm, while the bright domains have a size of ~
40-200 nm. EDS analysis showed that the dark structures contain only
O, Hf and Y (top spectrum in Fig. 4(b)) and the bright regions consist of
N, O, Si, Hf and Y (bottom spectrum in Fig. 4(b)).

A SAED pattern taken from the TL in Fig. 4(a) is shown in Fig. 4(c)
presenting a complex pattern with several overlapping rings. The solid
rings I, I, III, and IV have a lattice spacing of 2.96 ;\, 2.57 Z\, 1.81 f\, and
1.55 A, and belong respectively to the (111), (200), (220), and (311)
diffractions of the hafnia yttria fluorite phase Hf} xYxOo.x/> (Fm3m, a =
5.13 IOX) [39]. It is noticed that the Hf; x\Y4xOo.«/2 fluorite phase in the TL
has a somewhat smaller lattice constant than that of the spherical par-
ticles in the OL (a =5.18 A). This is because the former has a higher Hf/Y
ratio than the latter, which agrees with the results reported in the
literature [35]. The lattice constant of Hf} \YxO24/» with x = 0.1 is
about 5.13 A and 5.18 A for x = 0.3.

The diffractionrings 1, 2, 3, 4, 6, 7, 8, 9, and10 have a lattice spacing
of 6.69 A, 4.31 A, 3.87 A, 3.34 A, 2.67 A, 2.32 &, 2.17 A, 2.09 A, and
1.60 A, respectively. The diffractions 2, and 9 can be respectively
identified as the (101), and (301) of a-SigN4 (hexagonal, a = 7.753 10\, c
=5.618 A, P3;c) [36], while ring 6 as the (101) of $-SisN4 (hexagonal,
a=7.6044 A, ¢ = 2.9063 A, P63/m) [37]. The diffractions 1, 3, 4, 7, 8,
and 10 can match either the (100), (110), (200), (211), (202), and
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Fig. 2. (a) Cross-section TEM image of the annealed HfgB;5SiogY>CoNys film, and (b) EDS spectra taken from a spherical particle and matrix in the OL and from the

bottom of the RL.
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Fig. 3. (a) Zoom-in cross-section and (b) plan-view TEM image of the top OL in the annealed HfgB12Si29Y2CoNys film; (c) SAED pattern taken from the plan-view TEM
foil shown in (b); (d), (e), and (f) nanobeam electron diffraction taken from nanoparticle x in (a), and Y and Z in (b), respectively; (g) HRTEM of a part of particle Z

shown in (b).

(222) of a-SigNy, or the (100), (110), (200), (111), (201) and (221)
of B-SizNy, respectively. Such overlapping of diffractions occurs due to
the nearly same a-axis for both SigN4 phases while the c-axis of «-SigNy4 is
roughly double of that of p-SigNy4, as mentioned previously. It should
also be noted that the (220) diffraction of Hf; 4\YxO2.«/2 nearly overlaps
with the (103) diffraction of a-SigN4. The presence of unique (no
overlapping) diffractions (101) and (301) of a-SigN4 and (101) of
B-SigN4 indicates that both a-SisN4 and B-SisN4 were formed in the TL
layer.

Fig. 4(d) is a SAED pattern taken from the cross-section of the TL
layer in Fig. 2(a). As in Fig. 4(c), the SAED pattern shows the presence of
SigN4 and HYO. It is interesting to note that Ring I ((111) of HYO) in
Fig. 4(d) exhibits a few strong diffraction spots indicative of a strong
orientation preference of fluorite HYO in TL. Such a textured structure
was confirmed by bright/dark field imaging (Fig. 4(e) and (f)) obtained
by using diffraction spot I; in Fig. 4(d). The dark regions in Fig. 4(e) or
the bright regions in Fig. 4(f) correspond to HYO structures that share a
common crystallographic direction. The orientation preferred structures
have a width of ~ 100 nm and a height of a few 100 nm, generated by
closely joining the HYO nanostructures via sharing (111) planes. Thus,
the oxidation process seems to involve some crystallographic aspect
expressed with preferentially (111) oriented HYO grains. This feature
was not observed in undoped Hf-Si-B-C-N films and can be attributed to
the presence of yttrium in the oxide structure that results in crystallo-
graphic alignment and merging of HYO grains.

Fig. 5(a) shows a zoom-in plan-view TEM image exhibiting a cross-
section view of the columnar structure in TL. The dark island-like

structures were linked to form the column border which has a size of
~ 20-40 nm. The enclosed inner column region is filled with fine dark
nanoparticles (~10 nm) dispersed in a bright matrix structure.
Comprehensive analysis using EDS, NBED, and HRTEM demonstrated
that the dark structures on the border and the dispersed fine nano-
particles within the inner column are fluorite HYO. The inner bright
matrix appears either with a continuous solid morphology in some areas
(such as “S” in Fig. 5(a)) or a discontinued grid structure in other lo-
cations (such as “G” in Fig. 5(a)).

Fig. 5(b) is plan-view HRTEM image from the border region in TL.
The bright area on the low left corner in the image presents lattice
fringes of a-SigN4 (100) in the inner column. The dark nanoparticles on
the border possess the same orientation exhibiting two-dimensional
lattice image of fluorite HYO along the [110] zone axis. The inset fast
Fourier transform (FFT) calculated from the entire HRTEM image in
Fig. 5(b) presents strong (111), (111), and (002) of HYO that can be
constructed as a single crystal diffraction pattern along the [110] di-
rection. Thus, the present evidence suggests that a preferred crystallo-
graphic element is involved in the formation of both the HYO and Si3Ny.

Fig. 5(c) is a plan-view HRTEM image from a continuous structure
within an inner column in TL presenting three fluorite HYO nanograins
oriented with their [11 0] perpendicular to the image, implanted into a
few SigNy grains that possess nearly the same [001] orientation. The
HYO nanoparticles were directly attached to the SigN4 without any
transition layers or materials in between. The results indicate that the
SisN4 phase within the columnar area in TL could be either a single
crystal grain with several HYO nanoprecipitates, or multi Si3N4 grains
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Fig. 4. (a) Plan-view TEM image of the TL in the annealed HfgB;2Si29Y2CoNys film; (b) EDS spectra taken from the black particles on the boundaries and domains in
(a); (c) SAED pattern taken from the TL layer in (a); (d) SAED pattern from the TL cross-section shown in Fig. 2(a); (e) Bright-field TEM image of a TL cross-section

and (f) its corresponding dark-field image taken using diffraction I; in (d).

but possessing nearly the same [001] direction perpendicular to the film
plane. The borders of the columnar structure were sealed with HYO
nanoparticles, like those observed in the annealed HfgB1(Si31CaNso [1].
The present observations clearly show that the HYO domains at the
border region, Fig. 5(b) or within the bright area, Fig. 5(c), form inti-
mate interfaces with the SigN4 structures.

Fig. 5(d) shows a plan-view HRTEM image from a discontinued grid
location G in Fig. 5(a) presenting a HYO nanoparticle with (11 1) fringes
on the right, a large a-SigN4 grain in the center with presence of (101)
lattice fringes and a small a-SigN4 grain with (20 1) lattice fringes on the
top-left. The a-SizsN4 grains were attached abruptly by three grid-like
structures (Gy, G and Gg3) of a size of several nanometers. The grid-
like structures appeared as amorphous crossed by a couple of curved
B-SiO2 (101) lattice fringes (shown by arrows) with a spacing of ~ 3.4 A.
Such evidence shows initial stages of oxidation of a-SigNy first to f-SiO5
followed by formation of amorphous SiOy as a result of the reaction of
Si3N4 with O in TL.

Fig. 6(a) is a cross-section HRTEM image of TL in Fig. 2(a) presenting
an atomic structure of the columnar region in a side view. The dark

structure in the image corresponds to the borders of the columnar
structure in TL exhibiting single oriented fluorite HYO (111) lattice
fringes with a spacing of 2.96 A. Such single oriented structure nearly
extends to the entire TL layer providing further evidence of the forma-
tion of the strong orientation preferred fluorite HYO structure on the
borders of the columnar structures. The areas between the borders are
filled with disordered or non-crystalline characteristics which is due to
the off orientation of the crystalline phases. The cross-section HRTEM
images from different areas between the borders in the TL exhibit
coexistence of a variety of phases. For example, it shows multi-oriented
SisN4 and HYO nanograins in Fig. 6(b), coexistence of [201] oriented
a-SisNy crystalline with a couple of curved lattice fringes of p-quartz
SiO5 and amorphous SiOy in Fig. 6(c), and [001] oriented fluorite HYO
attached by the curved onion-like p-quartz SiO, (d-spacing of lattice
fringes is 3.4 A[1,25,27]) that encapsulated an amorphous SiOy (-SiO2)
core structure in Fig. 6(d). HRTEM images in Fig. 6(c) and (d) provide
additional evidence for the onset of oxidation of SigN4 in TL. The
mechanism seems to involve initial transformation of SigNy4 to p-quartz
SiO that subsequently converts to amorphous SiOx.
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Fig. 5. (a) A zoom-in plan-view TEM image of TL in annealed HfgB;2SiogY2C2oNys film, (b) HRTEM image of a region covering the border structure in TL in plan-view
TEM foil, (c) HRTEM image taken from a continuous solid structure within the column shown in (a), and (d) HRTEM image taken from a discontinuous grid structure
within the column shown in (a). (Curved -SiO, lattice fringes are shown by arrows.).

3.2.4. Microstructure of the recrystallized layer

The RL underneath the TL appears as a graded fine dispersion of dark
and bright domains, like the structure observed in the annealed
Hf;B1(Si32CoNy4 film [1]. Fig. 7(a - ¢) present zoom-in cross-section TEM
images from the top, middle, and bottom sections within the RL in the
annealed HfgB12SizgY2CoNy film. The bottom section exhibits a com-
posite of nearly even sized dark and bright domains with a typical size
from a few to 15 nm, Fig. 7(c), indicative of the first stages of recrys-
tallization. The middle section presents a similar structure to the bottom
section but with a coarser domain size, of about ~ 20-30 nm, Fig. 7(b).
The broadening of the domains in the middle section was accomplished
by amalgamating several grains shown in Fig. 7(c). The top section
possesses a honeycomb-like structure in which several dark domains in
Fig. 7(b) merge together forming shells with a thickness of ~ 10-25 nm
and the bright domains forming the bright core with a dimension of ~
30-80 nm, Fig. 7(a). SAED patterns taken using a 300 nm diameter
selected aperture from the top, middle and bottom sections of the RL are
shown in Fig. 7(d-f) exhibiting very similar characteristics. They show
the presence of a-Si3Ny, p-SisN4, HfCN, and HYO over the entire RL.

The diffraction spots y with a lattice spacing of 2.62 A shown in Fig. 7
(e) and (f) correspond to the (111) of fcc HfC,N;_, structure which is a
solid solution of HfC (PDF #:39-1491, a = 4.638 A, Fm3m) and HfN
(PDF #:33-0592, a = 4.525 f\, Fm3m) [34]. It should be noted that the
observed lattice spacing is somewhat smaller than that observed for
HfCN previously (2.67 10\) [25]. The smaller lattice spacing is attributed
to the participation of Y in the HfCN phase (denoted as HfYCN) of the
present annealed HfgB12Si2gY2CoNys film. Such HfYCN diffractions were
observed mostly in the bottom and middle sections (up to 850 nm above

the substrate) and less often in the top section (850-1350 nm) of RL. This
result manifests that HFYCN was formed in the bottom and middle sec-
tion of the RL and gradually oxidized to HYO in the top section of RL
(850-1350 nm above the substrate). The density and intensity of HFYCN
diffraction (111) in Fig. 7(e) are reduced compared to those in Fig. 7(f)
indicating the gradual reduction of HfYCN in the middle RL section
compared to the bottom section. Thus, the evidence suggests that the
HfYCN phase formed by recrystallization in the RL, gradually oxidized
to HYO as the interface with TL is approached. Furthermore, this pro-
vides additional indirect evidence for the presence of Y in the HfCN
structure which after oxidation was found by EDS, Fig. 2(b), to be pre-
sent in the HYO phase.

Furthermore, four intense sharp diffraction spots are seen on ring I of
(111)HYO in Fig. 7(d), which construct a near single crystal HYO [11 0]
diffraction pattern from large grain(s). Meanwhile, the number of
diffraction spots from (111), (200) and (220) of HYO on the rings I, II
and Il in Fig. 7(d) are accordingly reduced compared to Fig. 7(e) and (f).
This also indicates that large HYO grains were developed in the top
section of the RL due to fewer number of HYO grains included by the
selected-area aperture for diffraction.

The detailed microstructure evolution along the film growth direc-
tion in the RL was studied by HRTEM. Fig. 8(a) is a representative
HRTEM image from the top section of the RL (~850 nm above the
substrate) showing presence of a [001] oriented HYO grain and a SisN4
grain with the (200) lattice fringes of a spacing of 3.34 A. The HYO and
SisN4 grains in this area are large and therefore only a part of these
grains is shown in the image. A mixture of amorphous and p-SiOy with
curved lattice fringes are also present between the SisN4 and HYO
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Fig. 6. Cross-section HRTEM images from different region in the TL of the annealed HfgB;5SizgY2CoNys film exhibiting (a) single oriented fluorite HYO, (b)
coexistence of SizN4 and HYO, (c) and (d) mixture of SizNy4, f-quartz SiO, and amorphous SiOy (a-SiO5).

grains. This evidence shows that initiation of oxidation of SizN4 via a
sequence of p-SiO2 and amorphous SiOy takes place in the top RL section.
Investigations of numerous HRTEM images over a large area show that
HYO and Si3N4 structures were frequently observed, while the HfFYCN
phase was not observed in the top section of RL in agreement with the
electron diffraction analysis in Fig. 7(d). A HRTEM image from the
middle section is shown in Fig. 8(b) presenting SigN4, HfYCN, and HYO
grains. The (111) lattice fringes of HfYCN have a spacing of 2.62 Aand
those of HYO 2.96 A. The size of the grains in this region is about ~
15-20 nm indicating the initial stages of HYO formation. A HRTEM
image from the bottom section of the RL (~300 nm above the substrate)
is shown in Fig. 8(c) presenting SigN4 and HfYCN grains with a size of ~
15 nm and ~ 5-10 nm, respectively. These two phases nucleated in the
bottom layer followed by grain growth in the middle section, Fig. 8(b),
due to the thermal gradient. It is noted that small HYO grains (~5 nm)
were rarely observed in this layer indicating some sparse nucleation of
HYO.

Fig. 9 shows a HRTEM image from the SiC substrate/film interface. A
sharp interface is evident along with formation of SigN4, HfYCN (111)
grains, and HfBy strips with their (001) attached to the SiC substrate.
The formation of SigN4, HfB; and HfYCN phases close to the SiC sub-
strate is most likely caused by a thermal transport effect [26] from the
SiC substrate resulting in localized partial recrystallization.

Based on the above observations, the microstructure development
within the RL in the annealed HfgB15SisgY2CoNys film can be summa-
rized as follows: (i) during recrystallization, Si and N form a textured
SigNy structure over the entire sublayer, while Hf, Y, and the remaining
N form HfYCN in the bottom section followed by grain coarsening in the
middle section (up to 850 nm from the substrate); (ii) oxidation of
HfYCN and formation of HYO initiates in the middle RL section and
progresses more than likely to completion in the top RL section. Gradual
coarsening of SizsN4 and HYO takes place in this section developing the

honeycomb-like nanostructures consisting of SisN4 core enclosed by
HYO large nanostructures in the top section; and (iii) initiation of SigN4
oxidation takes place in the top RL section via a sequence of p-SiOy
formation and amorphous SiOy.

3.3. Microstructure of annealed Hf5B13SizsHo3C2N4g

3.3.1. Overdll film structure

Cross-section TEM investigations show that the annealed
Hf5B13SiassHo3CoNyg film exhibits a similar multi-layered structure to
that of the annealed HfgB12Si29Y2C2Nys film. The film has a thickness of
2280 nm and is composed of a ~ 190 nm thick nanocomposite OL with
spherical nanoparticles dispersed in an amorphous SiOx-based matrix on
the top followed by a ~ 300 nm TL of vertically oriented columnar
structure and a ~ 1780 nm RL underneath, Fig. 10(a). The RL layer
clearly exhibits a graded microstructure with a fine grain structure at the
bottom that gradually coarsens as the TL layer is approached.

3.3.2. Microstructure of the top oxide layer and the transition layer

Fig. 10(b) and (c) show plan-view TEM images of the OL and TL in
the annealed HfsB;3SissHo3CoNy4g film. Fig. 10(b) was obtained by
removing the SiC substrate and the bottom layers and exhibits a typical
OL microstructure over a large area within the film plane. Spherical
nanoparticles 30 nm to ~ 170 nm in size containing Hf, Ho and O are
well-dispersed in SiO2 amorphous structure. Electron diffraction anal-
ysis determined that the Hf; yHo4O5.4/2 nanoparticles have a fluorite
type structure with a lattice constant of 5.20 A, similar to that of HYO.
The top half SAED pattern in Fig. 10(d) was obtained from the OL in a
plan-view TEM foil. The sharp diffraction rings , v 0, and = having a
lattice spacing of 3.00 A, 2.60 A, 1.84 A, and 1.57 A, were identified to
correspond to the (111), (200), (220) and (311), respectively of a
fluorite HfsHo207 phase.
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Fig. 7. Cross-section TEM images and SAED patterns from the top (a, d), middle (b, e) and bottom (c, f) section of the RL in the annealed HfgB12Si2gY2C2Nys film.

The TL microstructure obtained by removing the top OL layer, the
substrate, and the bottom layer is shown in a plan-view TEM image in
Fig. 10(c). It presents a similar morphology to the TL layer in the
annealed HfgB15SisgYoCoNys film. The dark island-like structures or
particles contain O, Hf and Ho, and are linked together forming worm-
like, 15-20 nm thick chain structures. The bright regions between the
dark chains have a size from 40 to 150 nm and consist of N, O, Si, Hf and
Ho, as identified by EDS.

A SAED pattern from the TL layer in Fig. 10(c) is shown at the bottom
half of Fig. 10(d). The diffraction rings overlapping with solid dark
circles p, v, 0, and =, correspond respectively to the (111), (200), (220),
and (311) of hafnia holmium fluorite phase that has a lattice constant of
5.14 A. The HHO in the TL has a smaller lattice constant than the
spherical particles in the OL, like the HYO in the annealed
Hf63125i29Y2C2N45 film.

Besides HHO, diffractions from a-SisN4 and p-SisN4 were also seen in
the SAED pattern from the TL, as shown in Fig. 10(d). Some diffraction
rings (1, 3, 4, 7, 8 and 10) in Fig. 10(d) correspond to the overlapping
diffractions from both o- and p-SigN4 phases, while rings 2, 5 and 9
belong only to o-SizN4 and ring 6 only to p-SisN4. The presence of
unique (non-overlapping) diffractions (101), (002) and (301) of
a-SigN4 and (101) of B-SigN4 indicate that both a-SisN4 and B-SigN4 were
formed in the TL layer.

3.3.3. Microstructure of the recrystallized layer

The RL underneath the TL appears as a graded nanocomposite
structure of dark and bright domains, similar in appearance to the
structure observed in the annealed HfgB12Si2gY2CoNys film. As can be

seen from Fig. 10(a), the RL layer clearly presents a distinct graded
morphology with densely packed small grains at the bottom section that
progressively coarsen. Magnified cross-section TEM images from the top
and bottom RL sections with clearly presented detailed microstructure
are shown Fig. 11(a, and b). The bottom sublayer is ~ 480 nm thick and
consists of a nearly even sized (~10 nm) dark and bright domains
(Fig. 11(b)), while the top sublayer presents honeycomb-like structures
of substantially grown grains with a size up to 30 nm or even bigger
(Fig. 11(a)). The dark structures in the top sublayer were clearly sepa-
rated by the bright matrix.

The SAED pattern from the top sublayer in Fig. 11(c) shows the
presence of a-SizNy4 p-SisN4, HHO, and possibly HfCN phases. For
example, diffractions p, v, 0, and & with a lattice spacing of 2.97 A, 2.57
A, 1.81 A, and 1.55 A, correspond to (111), (200), (220), and (311),
respectively of HHO (lattice constant 5.14 A). The diffraction spots 2
and x having a lattice spacing of 4.32 and 2.22 A correspond, respec-
tively, only to the (101) and (300) of a-SigNy4, while the spots on ring 6
of 2.66 A only to the (1 01) of p-SizNy4. The diffraction spots 3, 4, 7, and 8
having a lattice spacing of 3.88 A, 3.31 ;\, 2.32 Z\, and 2.17 Z\, match,
respectively, the (110), (200), (211) and (202) of a-SigN4, or the
(110),(200), (111) and (201) of p-SigN4.

The SAED pattern from the bottom recrystallized sublayer in Fig. 11
(d) shows mainly the presence of a-SizsN4, and HfCN phases. The dif-
fractions on rings §, €, and ¢ with a lattice spacing of 2.62 [o\, 2.27 A, and
1.60 10\, correspond to the (111), (200), and (220) of HfCN, respec-
tively. These lattice spacings are the same to those of HfYCN and can be
attributed to incorporation of Ho in the HfCN structure, HfHoCN.
Furthermore, it is noted that as in the HfHoCN case, Ho was present in
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Fig. 8. Cross-section HRTEM images from the (a) top, (b) middle, and (c)
bottom section of the RL in the annealed HfgB12SiagY2CoNys film.

Fig. 9. Cross-section HRTEM image of the RL/SiC substrate interface.

the HHO particles that resulted directly from oxidation of the HfHoCN
phase. The B-SigN4 structure was not observed, while the a-SizsN4
structure was formed in a highly texture structure in this sublayer.
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Diffractions from HHO were rarely (if at all) observed. The evidence
shows that the HfHoCN phase was formed in the bottom sublayer (up to
480 nm above the substrate) and gradually oxidized forming HHO in the
top sublayer.

The detailed microstructure of the upper part of the RL was studied
by HRTEM. Fig. 12(a) shows a magnified TEM image, in which the dark
HHO grains have almost polygonal shape with very clear edges and
sharp tips. The tips are connected to the boundaries (marked by arrows)
between Si3N4 grains. The boundaries between SizsN4 grains possess
stronger contrast compared to the pale SisN4 grains (~10 nm) and are
interconnected to form a boundary network. The network boundaries
surrounding SizsN4 (denoted also as SN) grains in Fig. 12(a) are thin
layers of either high temperature, p-quartz SiO5 (PDF #11-0252, a =
5.002 10\, c = 5.454 A, P3221), as evidenced by the presence of curved
(101) lattice fringes with a spacing of ~ 3.4 Ain Fig. 12(b), or amor-
phous, such as marked by By o, B1 3 and B 3 between three silicon nitride
grains SigN4-1, SigN4-2 and SisNg-3 in Fig. 12(c). The amorphous
boundaries are most likely composed of silicon oxide. These results
indicate that the oxidation of SizN4 was initiated at SigN4 grain
boundaries. Fig. 12(d) is a HRTEM image from a different area of the
upper section of the RL presenting coexistence of HHO and HfHoCN
grains. Fig. 12(d) also presents the coexistence of a-SizsN4 (d(1 01) = 4.34
A)and B-SisN4 (dao1) = 2.66 A). Intensive studies showed that HHO and
a-SisN4 phases dominated the upper section of the RL layer, while the
HfHoCN and p-SigN4 were also present but at a smaller extent.

Examination of the lower RL section revealed a partially recrystal-
lized microstructure, Fig. 13, composed mainly of HfHoCN and a-SisN4
while the HHO was rarely observed. The grains of these phases exhibited
smooth boundaries with direct evidence of interconnected fringes sug-
gesting a smooth recrystallization process of the original amorphous
film structure. Finally, the annealed HfsB13SipsHo3CaN4g film exhibited
a sharp interface with the SiC substrate like that observed in the Y doped
film.

Therefore, the microstructure development within the RL in the
annealed HfsB13SizsH03CoN4g film can be summarized as follows: (i)
during annealing, bonding of Si and N forms a SisNy4 textured structure
over the entire sublayer, while Hf, Ho and the remaining N form
HfHoCN; (ii) progressive oxidation of HfHoCN and formation of HHO
initiates at the upper RL section. As a result, the portion of HfHoCN is
gradually decreasing along this section while that of HHO increases. The
fine HfHOoCN and o-SigN4 grain structure in the lower RL section is
accompanied by coarsening and concomitant gradual transformation
(oxidation) of HfHoCN to HHO along with formation of f-SizN4 devel-
oping a honeycomb-like microstructure. At the same time, oxidation of
Si3Ny initiates at the upper RL section via formation of p-SiO; first fol-
lowed by transformation of the latter phase into amorphous SiOy.

4. Discussion

The as-deposited amorphous HfgB15SizgY2CoNys and HfsBq3Sios.
Ho3CyNyg films have been found to be optically transparent, thermally
stable and oxidation resistant in air up to 1300 °C [33]. Annealing ex-
periments in inert gasses have shown that the crystallization of the
amorphous structure occurs at approximately 1400 °C [33]. Thus,
exposure of these films in air above 1400 °C involves oxidation of the
recrystallized structure. The HfgB12SiagY2CoNys and HfsBq3Sigs.
Ho3C,Nyg annealed films exhibit a similar overall structural morphology
to the undoped Hf;B10Si32CoNag4 film [1] due to a very similar compo-
sition, but with some distinct differences in their detailed microstructure
arising from the Y or Ho doping.

At around 1400 °C, the amorphous structure becomes unstable, and
initiation of diffusion processes promotes segregation and formation of
a-/B-SigN4 and fcc Hf(Y/Ho)CN in the RL. It is noted that previous
studies showed that Y doped ZrN (similar nitride to HfN) could maintain
the ZrN crystalline structure with minor unit cell dimension changes
without the presence of second phase and maintained a stoichiometric
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Fig. 10. (a) Cross-section TEM image of the annealed HfsB;3SiosH03CoNyg film; Plan-view TEM image of the (b) OL, and (c) TL. (d) A superposition of SAED patterns
of the OL and the TL in a plan-view TEM foil.
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Fig. 11. Cross-section TEM images and SAED patterns from the top (a, ¢) and bottom (b, d) section of the RL in the annealed HfsB;3Si2sH03CoN4g film.
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Fig. 12. (a) A zoom-in cross-section TEM image, and (b-d) cross-section HRTEM image from different areas in the upper RL section in the annealed HfsB;3Sios.

Ho3CoNyg film.

Fig. 13. Cross-section HRTEM image from the lower RL section.

N/(Zr + Y) ratio of 1:1 [38,39]. Only very limited studies have focused
on the Hf(Y)N or Hf(Ho)N system, but based on the present evidence, it
is reasonable to argue that they share similarities with Zr(Y)N, i.e., Y and
Ho can form rare earth Hf(Y)N and Hf(Ho)N mononitrides with fcc NaCl
crystal structure, which is the same as HfN despite a slight variation in
the lattice parameter [40]. It is worth noting, that intimate, atomically
sharp Hf(Y/Ho)CN/Si3N4 interfaces were observed in the RL but also
between all phases in the rest two layers indicative of high density and
film quality, Fig. 8(c) and 12(d).

At the lower part of the RL, a fine gradient microstructure with a
grain size 10-15 nm evolves, composed of SisN4 and Hf(Y/Ho)CN,

11

Figs. 7 and 11, followed by grain coarsening at the upper parts of this
layer. Several interesting observations were made in this layer as its
upper part is approached. First, starting from the middle part of the RL,
the Hf(Y/Ho)CN phase gradually oxidized to form H(Y/H)O with the
fraction of the former decreasing and the latter increasing as the RL/TL
interface is approached. This process resulted in a microstructure
composed of SizN4 and a honeycomb-like structure of merged H(Y/H)O
nanoparticles. Second, limited oxidation of SigNy initiated at the upper
RL part close to the RL/TL interface. These observations captured the
very first stages of the SigN4 oxidation mechanism that involves initial
formation of B-SiO, at SigN4 grain boundaries and its subsequent
transformation to amorphous SiO4. As note earlier, in all the above
oxidation processes seamless, atomically sharp interfaces are produced
between H(Y/H)O/Si3sN4 and H(Y/H)O/SiO2/ SigNy, Figs. 6 and 12.

Our observations further revealed that the presence of H(Y/H)O was
detected deeper in the RL where limited oxidation of Si3N4 was observed
only at the upper part of RL. This indicates that as O diffuses in the RL,
reacts preferentially with Hf in Hf(Y/Ho)CN forming H(Y/H)O than
reacting with Si in SisNy4. The preferential oxidation of Hf atoms is also
supported by considering the lower free energy of oxide formation for Hf
compared to Si [27].

The partial oxidation in the RL was found to be more extensive in the
Ho-doped compared to Y-doped film. However, both Y- and Ho- doped
annealed films exhibited somewhat more oxidation than the undoped
Hf7B10Si32C2N44 film. This is possibly because the Hf-Y-O and Hf-Ho-O
fluorite is an oxygen-deficient structure since Y>© and Ho>* substitute
Hf*" creating extra oxygen vacancies which facilitates faster oxygen
diffusion and oxidation.

Crossing into the TL, H(Y/H)O nanoparticles coarsen and merge
together forming a well-developed shell structure of vertically oriented
nanocolumns with (111) preferred crystallographic orientation, Fig. 2
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(a) and 10(a). The regions (~40-200 nm in size) surrounded by the H(Y/
H)O shells consist of large SisN4 domains, some p-SiO2 and amorphous
SiOy along with dispersed H(Y/H)O nanodomains. Such vertically ori-
ented (111) H(Y/H)O nanocolumnar structure has not been observed
previously in the absence of rare earth additions in Hf-Si-B-C-N films. As
noted earlier, Y and Ho additions in the present films can generate extra
oxygen vacancies in their structure. It is plausible that oxygen vacancies
are preferentially located on high density (111) planes to release strain
causing crystallographic preferential oxidation. It is important to note
that our observations show that most of the regions surrounded by the H
(Y/H)O were occupied by large SisN4 grains with limited SiO5 forma-
tion. Extensive oxidation of SizN4 did not take place beyond that
observed in the upper part of the RL. This clearly shows that in most of
its part, SisN4 remains resistant to oxidation in the TL.

At the TL/OL interface, shown in the lower part of Fig. 3(a), SizsN4
oxidizes and the top fully OLs of both annealed films compose of an
amorphous SiO,-based matrix with dispersed large, spherical cubic
fluorite oxide H(Y/H)O nanoparticles. It can be envisioned that as the
SizN4 grains oxidize forming amorphous SiOy, the surrounding H(Y/H)O
columns breakdown producing spherical H(Y/H)O oxide nanoparticles.
The OLs in the two doped films have nearly the same thickness of ~ 190
nm, which is about 36 % thinner than the one in the undoped
Hf7B108132C2N44 film [1]. This indicates that addition of Y or Ho to Hf-B-
Si-C-N films significantly reduces the thickness of the fully oxidized
layer on the surface.

The presence of cubic fluorite oxide H(Y/H)O observed in the present
Y/Ho-doped films contrasts with the monoclinic and orthorhombic HfO,
nanoparticles reported previously in the undoped Hf-B-Si-C-N films
[1,25,27]. Typically, cubic hafnium oxide is only stable at temperatures
higher than 2500 °C [41,42]. However, by adding some of the rare earth
elements, Hf may be able to form a Hf-RE-O solid solution that closely
resembles the crystalline structure of fluorite or pyrochlore at lower
temperatures [43-48]. For example, 5 mol% Y doping to the Hf-Y-O
system would maintain the cubic HfO, at 2000 °C and 10 mol% Y at
1200 °C [43]. This is because, as Y randomly substitutes Hf within the
lattice, the charge neutrality is preserved by forming an anion vacancy
defect structure. Such types of solid solution were also called rare earth
elements stabilized hafnia. It was found that Y and Ho can form only
fluorite oxide with HfO5 while some other elements such as La could
form pyrochlore structure (LagHf>07). As concentration of Y and Ho
increases, the unit cell dimensions of these fluorite oxides also increase.
For example, the unit cell of HYO is around 5.13 x 5.13 x 5.13 A3 when
Y,03 reaches 10 mol% and increases to almost 5.22 x 5.22 x 5.22 A3
when Y,03 concentration increased to 40 mol% [43]. Similar trend has
been observed in the HHO system as well. This is mostly due to larger ion
radius of Y3* and Ho®* compared to Hf*"[44]. No traces of Y503 or
Hoy03 phases were found in the annealed HfgB12SizgY2CoN4s and
HfsB13SissHo3CoNyg films. This indicates that all oxidized Y and Ho in
the doped films has been involved into HYO and HHO fluorite oxides.

It should be further noted that the Gibbs free energy of formation for
SiO4 at 1800 K is reported as —579 kJ/mol [49]. In contrast, the pre-
dicted Gibbs free energy of formation for monoclinic and tetragonal
HfO, at 1773 K is —211,493.4 kJ/mol and —202,839.6 kJ/mol,
respectively [50]. Although the free energies of formation for H(Y/H)O
are not provided in the referenced paper, it is speculated that these
values are likely to be close to those of HfO,. Notably, these values are
considerably lower when compared to the corresponding value for SiO,.
This observation aligns with the finding that, as oxygen diffuses in the
RL layer, it tends to preferentially react with Hf in Hf(Y/Ho)CN, forming
H(Y/H)O, rather than reacting with Si in SigNy4.

5. Conclusions
The microstructure of the HfgB12SiagY2CoNygs and HfsBq3Siss.

Ho3C2Nyg films annealed up to 1500 °C in air exhibited a similar three-
layered structure morphology consisting of: (i) a top fully oxidized layer
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composed of a dispersion of cubic fluorite H(Y/H)O nanoparticles
embedded in an amorphous SiO,-based matrix followed by (ii) a tran-
sition layer of vertically oriented nanocolumnar orientation preferred H
(Y/H)O nanostructure network surrounded by SisN4 domains and (iii) a
bottom recrystallized nanostructured layer composed of SigN4 and Hf(Y/
Ho)CN in its lower part with the Hf(Y/Ho)CN gradually oxidizing to H
(Y/H)O in its upper section along the thickness of the layer. Hf(Y/Ho)CN
was fully oxidized in the transition layer.

Initial stages of oxidation of SizN4 were observed in the upper part of
the recrystallized layer that continued in into the transition layer. The
oxidation process involved first formation of $-SiO2 and its subsequent
transformation to amorphous SiOx. The thickness of the oxidized layer
(~190 nm) was found to be about 36 % thinner than the one in the
undoped Hf-B-Si-C-N films of similar composition. Intimate, atomically
sharp interfaces were observed between all phases in the annealed films
indicative of high density and film quality. The Y- and Ho- doping was
found to stabilize the cubic fluoride oxide H(Y/H)O structure and pro-
mote its columnar texture.
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