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ABSTRACT

Hafnium and zirconium oxyfluoride films may act as effective protective coatings during plasma processing. The low molar volume
expansion/contraction ratios and the small estimated strain values versus fluorination/oxidation suggest that hafnium and zirconium
oxyfluorides can serve as protective coatings in both fluorine and oxygen plasma environments. To demonstrate the procedures for deposit-
ing these films, hafnium and zirconium oxyfluorides with tunable stoichiometry were grown using atomic layer deposition (ALD) at 150 °C.
Tetrakis(dimethylamido)hafnium and tetrakis(ethylmethylamido)zirconium were used as the metal precursors. H,O and HF were employed
as the oxygen and fluorine precursors, respectively. MO,F, (M = Hf and Zr) films were grown using two deposition mechanisms: the nano-
laminate method and the HF exchange method. In situ quartz crystal microbalance studies were employed to monitor the MO,F, growth.
Both deposition methods observed a linear MO,F, growth at 150 °C. The nanolaminate method is defined by the sequential deposition of
MO, ALD and MF, ALD layers. Compositional tunability was achieved by varying the ratio of the number of MO, ALD cycles to the
number of MF,, ALD cycles in the nanolaminate. The HF exchange method is based on the thermodynamically favorable fluorination reac-
tion of MO, by HE. Variable oxygen-to-fluorine concentrations in these films were obtained either by changing the HF pressure or by
varying the thickness of the underlying MO, ALD layers. Ex situ Rutherford backscattering spectroscopy measurements were utilized to
determine the composition of the various MO,F, thin films. Both deposition techniques displayed a wide range of compositional tunability
from HfO, to HfF; and ZrO, to ZrF,. In addition, the physical sputtering rates of MO,F, films were estimated from the film removal
rates during ex situ x-ray photoelectron spectroscopy depth profiling. The physical sputtering rates increased with F concentration in the

MO,F, films.

Published under license by AVS. https://doi.org/10.1116/6.0000731

I. INTRODUCTION

Metal oxide and metal fluoride coatings can act as protective
coatings against corrosion during plasma processing. Plasma pro-
cesses utilize various corrosive gases, including CF,, SFs, NF;, Cl,,
and O,, in semiconductor device fabrication. Protective coating mate-
rials are essential to reduce particle generation, device contamination,
and erosion of chamber walls and components resulting from plasma
exposure.' Metal oxides, such as Y,0;, show lower rates of erosion
than their metal fluoride counterparts in oxygen-containing
plasmas.”” Y,05 and ALO; have been successfully established as pro-
tective coatings in oxygen-rich plasma environments.””” However,
metal oxides also show higher rates of erosion in fluorine-based
plasma environments than their metal fluoride counterparts.””'" As
a result, metal fluorides, such as YF;, have been applied as a protec-
tive coating in fluorine-rich plasma environments.”""

Exposure to fluorine or oxygen plasmas can lead to volume
expansion or contraction, as illustrated in Fig. 1. Metal oxides
(MO,) in fluorine-containing plasmas undergo fluorination, result-
ing in volume expansion and compressive stress in the top few
layers of the metal fluoride, as shown in Fig. 1(a). Similarly, metal
fluorides (MF,) in oxygen-containing plasmas undergo oxidation,
resulting in volume contraction and tensile stress in the top few
layers of the metal oxide, as displayed in Fig. 1(b). The stress
induced as a result of fluorination or oxidation can cause film
cracking and particle generation in these MO, or MF, films.” "'

In contrast, oxyfluoride films should experience less stress
when they are exposed to either fluorine- or oxygen-based plasmas.
Recently, metal oxyfluorides like YO,F, and AlO,F, have received
attention as possible protective coatings.”'*™'® The choice of metal
cations in these oxyfluorides plays an important role in tuning the
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FIG. 1. Schematic of (a) volume expansion during fluorination of metal oxide to metal fluoride by fluorine plasma and (b) volume contraction during the oxidation of metal
fluoride to metal oxide by oxygen plasma. Volume expansion and contraction lead to compressive and tensile stress, respectively, in the surface layers.

corrosion resistance properties. Various metal cation systems have
been proposed as candidates for protective coatings, including Hf,
Zr, Nb, and rare earth elements.'” The reduction of particle forma-
tion in these films relies on minimal change in the molar volume
between the metal oxide and the metal fluoride during oxidation or
fluorination. This minimal change in the molar volume lowers the
film strain upon fluorination or oxidation. Using the ratio of the
molar volume of the metal oxide and metal fluoride as a figure of
merit, Hf and Zr oxyfluorides show comparable ratios to Y oxyfluor-
ides. As a result, Hf and Zr oxyfluorides may be useful protective
coatings in both oxygen and fluorine-based plasma environments.

Many techniques have been examined to deposit metal
oxyfluorides, such as solgel,"* sputtering,*~** spray coating,”’ and
metalorganic chemical vapor deposition.”* However, the major bot-
tleneck of these techniques is nonuniform deposition, especially on
three-dimensional and high aspect ratio structures. A promising
alternate technique that can deposit highly conformal and pinhole-
free thin films is atomic layer deposition (ALD).”™” ALD is
closely related to chemical vapor deposition and is defined by two
sequential, self-limiting surface chemical reactions.”’

Many investigations have reported that ALD can deposit cor-
rosion protection coatings. Previous studies include TiO,, AlL,Os,
and other metal oxide ALDs for copper,”>”” Al,O; ALD for alumi-
num,””’’ AL,O; and TiO, ALD for steel,”’ " and ALO; and TiO,
ALD for polymers.”>° ALD has been extensively developed for
various binary compounds.” ALD can also be extended to a
variety of ternary and quaternary materials.”” To date, aluminum
oxyfluoride (AIOF,) is the only metal oxyfluoride that has been
developed using ALD techniques.'”

Hafnium oxide (HfO,) ALD and hafnium fluoride (HfF,)
ALD were used for hafnium oxyfluoride ALD. HfO, ALD has been
developed with various hafnium precursors.’”® " In this paper,
HfO, ALD was performed at 150°C with a growth rate of
1.1 A/cycle using alternating exposures of tetrakis(dimethylamido)
hafnium (TDMAH) and H,O as the metal and oxygen sources,

respectively.”>*’ Similarly, HfF, ALD was performed using alter-
nating exposures of TDMAH and HE."* The deposition tempera-
ture for HfF, ALD was 150 °C with a growth rate of 1.2 A/cycle.

Zirconium oxyfluoride ALD was also demonstrated using
zirconium oxide (ZrO,) ALD and zirconium fluoride (ZrF,) ALD.
ZrO, ALD has been accomplished using water (H,O) as the
oxygen source and a variety of zirconium precursors.””**™* In this
paper, ZrO, ALD was performed using alternating exposures of
tetrakis(ethylmethylamido)zirconium (TEMAZ) and H,0.”*"" The
growth rate using TEMAZ and H,O at 150°C was 0.9 A/cycle.
Similarly, ZrF, was performed using TEMAZ and HF as the reac-
tants.”’ The growth rate was 1.1 A/cycle at 150 °C.

In this work, two pathways were used to deposit HfO.F, and
ZrO,F, films with tunable stoichiometry: the nanolaminate method
and the HF exchange method.”” The nanolaminate method is
defined by the sequential deposition of MO, ALD and MF, ALD
layers. The HF exchange method is based on the thermodynamically
favorable fluorination of MO, by HEF. In situ quartz crystal microbal-
ance (QCM) studies were utilized to understand the growth mecha-
nism during both deposition methods. Compositional tunability was
verified using ex situ Rutherford backscattering spectroscopy (RBS)
measurements. The physical sputtering rates of MO,F, thin films
were determined during x-ray photoelectron spectroscopy (XPS)
depth profiling.

Il. EXPERIMENT
A. ALD reactor with in situ QCM

The ALD of HfO,F, and ZrO,F, thin films was investigated in
a custom-built, hot wall, laminar flow reactor at 150°C.'*"
TDMAH (Strem Chemicals), water (HPLC grade H,O, Sigma
Aldrich), and HF-pyridine (70% wt. HF, Sigma Aldrich) were used
as the hafnium, oxygen, and fluorine sources for HfO,F, deposi-
tion, respectively. Similarly, TEMAZ (Strem Chemicals) was used
as the zirconium source, while water and HF-pyridine were used
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as the oxygen and the fluorine sources for ZrO,F, deposition,
respectively. All the precursors were used as received without any
further processing. TDMAH and TEMAZ were transferred using a
dry N,-filled glove bag and kept in a stainless steel container.
HF-pyridine was also transferred using a dry N,-filled glove bag
and kept in a gold-coated stainless steel container.

TDMAH and TEMAZ were heated to ~68 and ~110 °C, respec-
tively, to generate sufficient vapor pressure throughout the deposition
process. H,O and HF were maintained at room temperature at all
times. The deposition chamber was held at 150°C using ceramic
heaters controlled by a proportional-integral-derivative (PID) tempera-
ture controller (2604, Eurotherm). This controller maintained the set
point temperature to within +0.04 °C. All the precursors entered the
deposition chamber through precursor lines that were progressively
heated from the precursor source to the reactor.

A mechanical rotary vane pump (Pascal 2010SD, Pfeiffer
Vacuum) was used to control the base pressure of the reactor.
The base pressure was maintained at ~1 Torr using a 200 SCCM
flow of high purity argon gas (Ar, Airgas, prepurified) provided by
mass flow controllers (Type 1179A, MKS). Pressure transients were
measured using a bakeable capacitance manometer (Baratron
121A, MKS). An activated alumina trap (Visi-trap, LACO technolo-
gies) was connected at the inlet of the vacuum pump to trap the
unreacted precursors. Additionally, the exhaust of the vacuum
pump was passed through a calcium oxide solution to remove any
unreacted precursors such as HE.

The growth mechanism during metal oxyfluoride ALD was
investigated using an in situ QCM at 150°C in the reactor.'”**
A gold-coated, polished AT cut quartz crystal with an ~6 MHz res-
onance frequency (Colorado Crystal Corp.) was used as the QCM
sensor. The quartz crystal was sealed using high temperature epoxy
(Epo-Tek H21D, Epoxy Technology) in a commercially available,
bakeable crystal drawer and retainer assembly (BSH-150, Inficon).
Further precaution was taken to avoid any deposition on the back
of the quartz crystal by maintaining an additional Ar flow through
the QCM assembly.*’ This additional Ar flow increased the reactor
pressure by 0.1 Torr above base pressure.

Frequency fluctuations during the deposition were recorded
using a QCM monitor (Maxtek TM-400, Inficon). These frequency
changes were converted to mass changes using the Sauerbrey equa-
tion. The bare QCM crystal was first coated with 200 cycles of
Al,O; ALD at 150 °C before starting any experiment. Trimethyl
aluminum (97%, Sigma Aldrich) and water (HPLC grade H,O,
Sigma Aldrich) were used as the aluminum and oxygen sources,
respectively, for Al,O; ALD.

B. MO,F, growth methods

MO,F, ALD was performed with two different methods.
Figures 2(a) and 2(b) illustrate the nanolaminate method and
the HF exchange method, respectively. During the nanolaminate
method shown in Fig. 2(a), the MO,F, ALD films were grown
using sequential deposition of “n” cycles of MO, ALD and “m”
cycles of MF,, ALD where “M” signifies Hf and Zr. The relative
concentrations of oxygen and fluorine in the MO,F, thin films
were controlled by varying the “n:m” ratio. One supercycle during
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FIG. 2. Schematic of MO,F, ALD using (a) the nanolaminate method and (b)
the HF exchange method.

« _»

the nanolaminate method is defined as a combination of “n” cycles
of MO, and “m” cycles of MF,.

The typical dosing sequence during nanolaminate growth of
HfO,F, is designated as (2-45-0.3-45),-(2-45-0.5-45),,, representing
(TDMAH-Ar-H,O-Ar),,-(TDMAH-Ar-HF-Ar),,. The times are in
seconds during this “n:m” sequential HfO, ALD and HfF, ALD
dosing sequence. The partial pressures of TDMAH, H,O, and HF
were 20, 50, and 20-25 mTorr, respectively, unless stated otherwise.
The dosing sequence during nanolaminate growth of ZrO,F,
is designated as (0.3-45-0.3-45),-(0.3-45-0.5-45),,, representing
(TEMAZ-Ar-H,0-Ar),,-(TEMAZ-Ar-HF-Ar),,. The partial pres-
sures were 5-10, 50, and 20—25 mTorr for TEMAZ, H,O, and HF,
respectively, unless stated otherwise. The precursor dose times were
sufficient for the reactions to be in the saturation limit based on
mass change versus dose time.

MO,F, deposition was also performed using the HF exchange
method, as illustrated in Fig. 2(b). This deposition mechanism is
based on the deposition of “n” cycles of MO, ALD followed by
fluorination using HF as the fluorinating agent. The combination
of “n” cycles of MO, ALD and fluorination defines one supercycle.
The supercycle is denoted as “n:m” where “n” is the number of
MO, ALD cycles and “m” is the number of HF doses. The dosing
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sequence during HF exchange growth of HfO,F, is designated as
(2-45-0.3-45),,-(0.3-45),, where the precursor sequence is
(TDMAH-Ar-H,0-Ar),-(HF-Ar),,. Similarly, (0.3-45-0.3-45),-
(0.5-45),, is the dosing sequence during HF exchange growth of
ZrO.F, with the precursor sequence of (TEMAZ-Ar-H,0-Ar),-
(HF-AT),,.

The fluorination reactions of HfO, and ZrO, by HF are
given by

HfO, + 4 HF(g) — HfF, + 2 H,0(g), (1)

ZrO, + 4 HF(g) — ZrF, + 2 H,0O(g). )

These fluorination reactions are thermodynamically spontaneous
with a standard Gibb’s free energy change of AG®°=-23 and
—21.5kcal/mol for HfO, and ZrO,, respectively, at 150 °C.”
Similar fluorination of HfO, and ZrO, is possible using F, as the
fluorine reactant.”

C. Compositional and structural analyses using XPS,
RBS, and GIXRD

Compositional analysis was performed using MOLF, films
with a thickness of ~30 nm that were deposited on Si (111) sub-
strates at 150°C. The Si (111) substrates had dimensions of
1 x 1in.2. Depth-profile XPS analysis revealed the elemental distri-
bution in the various MO,F, thin films. The depth profiling of
the films was also employed to calculate the physical sputtering
rate using Ar* jons at 3keV. The XPS data were collected with a
commercial XPS instrument (PHI 5600, RBD Instruments) using
the AugerScan software package (AugerScan, RBD Instruments).
The XPS analysis was performed using the casaxps software
package (Casa Software).

The MO,F, thin films were also investigated using RBS
measurements to evaluate the precise compositions under various
deposition conditions. All RBS spectra measurements and analysis
were performed at the Rutgers University Laboratory for Surface
Modification. This RBS analysis employed a 2MeV He'" beam
positioned normal to the substrate surface. The detector was located
at a scattering angle of 163°. The RBS spectral resolution was 20 keV.
Fitting the RBS spectra was performed using siMNra software.

The film structure was evaluated using grazing incidence x-ray
diffraction (GIXRD). These GIXRD measurements were performed
using a high resolution x-ray diffractometer (Bede DI, Jordan
Valley Semiconductors) having Cu Ko. (A = 1.540 A) radiation. The
x-ray tube filament voltage and current were 40kV and 35maA,
respectively. The HfO,, ZrO,, HfF,, and ZrF; ALD films and the
HfO,F, and ZrO,F, oxyfluoride ALD films grown at 150 °C were
all amorphous.

lll. RESULTS AND DISCUSSION
A. MO,F, films using the nanolaminate method

Figure 3 shows the mass changes recorded by the in situ QCM
during ten consecutive supercycles of nanolaminate growth for
5:1 HfO,:HfF, at 150 °C. Nanolaminate deposition consisted of five
cycles of HfO, ALD followed by one cycle of HfF, ALD during
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FIG. 3. Mass gain vs time recorded by QCM during 10 supercycles of 5:1
HfO,F, ALD using the nanolaminate method at 150 °C with a dosing sequence
of (2-45-0.3-45)5-(2-45-0.5-45),.

each supercycle. One 5:1 HfO,:HfF, supercycle was defined by a
pulsing sequence designated as (2-45-0.3-45)s-(2-45-0.5-45);.
Long purge times of 45s were used between each precursor
exposure to ensure complete removal of excess precursor and
reaction products. Figure 3 reveals linear mass gain versus time
throughout the ten supercycles of 5:1 nanolaminate growth. The
mass gain per supercycle during 5:1 HfO,HfF, ALD was
Am = 380-385 ng/(cm? supercycle).

Figure 4 expands two consecutive supercycles from the linear
growth regime of Fig. 3. In the first set of five cycles of HfO, ALD,
the mass gain is highly digital and increases during TDMAH
exposures and decreases during H,O exposures. The total mass
gain was Ampso, = 282-285 ng/cm2 after five cycles of HfO,
ALD. Similarly, there were two distinct mass gains from the
TDMAH exposure and the HF exposure during the HfF, ALD
cycle. The total mass gain after one cycle of HfF; ALD was
Ampg, = 95-98 ng/cm”. As a result, the mass gain per super-
cycle was 380—385 ng/(cm® supercycle).

ZrOxFy nanolaminate growth using 5:1 ZrO,:ZrF, ALD at
150°C was also studied using in situ QCM measurements, as
shown in Fig. 5. The mass gain versus time throughout the ten
supercycles of 5:1 nanolaminate growth is linear. Figure 6 expands
two consecutive supercycles from Fig. 5. The total mass gain after
five cycles of ZrO, ALD was Amy,o, = 141-144 ng/cmz. The mass
gain after the ZrF; ALD cycle was Amy,p, = 67—69 ng/cmz. The
overall mass gain during the 5:1 ZrO,:ZrF, supercycle was
Am = Amy, o, + Amy, gy = 208—210 ng/ (cm? supercycle).

The growth of MO,F, using the nanolaminate method is
dependent on the nucleation of HfF, ALD on HfO, and HfO,
ALD on HfF,. Figure 7 displays the nucleation of HfF, ALD on
HfO, and HfO, ALD on HfF,. Figure 7(a) shows the mass gain
versus time during the first six cycles of HfF, ALD on the Hf-OH*
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FIG. 4. Mass gain vs time recorded during two supercycles from a linear
growth regime in Fig. 3.

terminated HfO, surface. The asterisk indicates the active surface
species. The first cycle of HfF; ALD shows substantially higher
mass gains during both the TDMAH and HF exposures than the
mass gains observed during HfF, ALD in the steady state.

During the first HfF; ALD cycle on the Hf-OH* terminated
HfO, surface, mass gains of 115 and 32ng/cm® were recorded
during TDMAH and HF exposures, respectively. The mass gain
during the first TDMAH exposure results from TDMAH reaction

i1Nanolaminate Method
<€ 8000 45:1= ZrO,.ZrF,
O )
o)
£.7500 4
C
g L
e 7000 -
w
g -
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FIG. 5. Mass gain vs time recorded by QCM during ten supercycles of 5:1
ZrO,F,, ALD using the nanolaminate method at 150 °C with a dosing sequence
of (0.3-45-0.3-45)5-(0.3-45-0.5-45),.
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FIG. 6. Mass gain vs time recorded during two supercycles from a linear
growth regime in Fig. 5.

with the Hf-OH* surface. The high mass gain during the first HF
exposure is a combination of the HF reaction with Hf-NMe,*
species and the exchange reaction of F with O in the underlying
HfO, film. The mass changes during subsequent TDMAH and HF
exposures during HfF, ALD display substantially lower mass gains.
From the second HfF, ALD cycle onward, the HfF, ALD displays
steady-state HfF, ALD growth characteristics that have been
observed earlier.”* ZrF, ALD nucleation on the ZrO, surface is
similar to HfF, ALD nucleation on the HfO, surface. The in situ
mass changes during first six cycles of ZrF, ALD on the Zr-OH*
terminated ZrO, surface are shown in Fig. 8(a).

Figure 7(b) shows the mass gains versus time during the first
six cycles of HfO, ALD on the Hf-F* terminated HfF, surface. The
very first cycle of HfO, ALD shows lower mass gains than the mass
gains observed during HfO, ALD in the steady state. During the
first HfO, ALD cycle, mass gains of 61.8 and —14.5ng/cm?
occurred during the TDMAH and H,O exposures, respectively.
The mass gain during the first TDMAH exposure results from the
TDMAH reaction with HF on the HfF, surface after the HF expo-
sure. The mass loss during the first H,O exposure can be identified
as a combination of H,O reaction with Hf-NMe,* surface species
and O exchange with F in Hf-F* surface species and in the underly-
ing HfF, layer. As shown in Fig. 8(b), mass loss during the first
H,O exposure during ZrO, ALD nucleation on the Zr-F* termi-
nated ZrF, surface can also be identified as a combination of H,O
reaction with the Zr-NEtMe* surface species and O exchange with
F in Zr-F* surface species and in the underlying ZrF, layer.

The O exchange reaction with F can be described by

HfF, + 2 H,0(g) — HfO, + 4 HE(g). 3)

The O to F conversion reaction is not predicted to be thermody-
namically favorable at standard state with a Gibb’s free energy of
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FIG. 7. Mass gain vs time recorded during the first six ALD cycles of (a) HfF,
on Hf-OH* terminated HfO, surface and (b) HfO, on Hf-F* terminated HfF,
surface at 150 °C.

AG® = +22.66 kcal at 150°C."” However, the experimental condi-
tions are far from the assumption of standard state. The mass char-
acteristics during the subsequent TDMAH and H,O exposures
from the second HfO, ALD cycle onward display steady-state HfO,
ALD growth characteristics that have been observed earlier."*

Compositional analysis of the MO,F, thin films was studied
with depth-profile XPS and RBS analyses. Depth-profile XPS was
used only to validate the uniform distribution of all elements
throughout the film. Because of preferential sputtering of fluorine
and oxygen as compared to the metal cations (Hf and Zr) during
XPS depth profiling, RBS analysis was used to determine the com-
position of the MO,F, thin films. Figure 9 displays the RBS profile
for HfO.F, and ZrO,F, films with a thickness of ~30 nm grown
using the 5:1 nanolaminate method on Si (111) at 150 °C.
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FIG. 8. Mass gain vs time recorded during the first six ALD cycles of (a) ZrF,
on Zr-OH* terminated ZrO, surface and (b) ZrO, on Zr-F* terminated ZrF,
surface at 150 °C.

Figure 9(a) shows the RBS profile of the HfO,F, thin film in
the energy range of 200—1500 keV. This RBS profile reveals three
distinct peaks at energies of 1275, 725, and 850 keV corresponding
to Hf, O, and F, respectively. The elemental composition from the
RBS analysis for the 5:1 nanolaminate growth is consistent with
HfO, 27F, 46. Figure 9(b) shows the RBS profile of the ZrO,F, thin
film in the energy range of 200—1300 keV. This RBS profile shows
three peaks at energies 1200, 725, and 850 keV consistent with Zr,
O, and F peaks, respectively. The elemental composition analysis
for the 5:1 nanolaminate growth was ZrO;,,F; 46 Carbon and
nitrogen are below the detection limit of the RBS spectrum.

The compositional tunability of the HfO.F, and ZrO,F, thin
films was determined by RBS analysis with respect to various deposi-
tion conditions using the nanolaminate method, as shown in Fig. 10.
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FIG. 9. RBS spectrum from ~30 nm films of (a) HfO,F, and (b) ZrO,F, grown
by the 5:1 nanolaminate method on an Si(111) substrate at 150 °C.

The F/Hf concentration ratios of 0 and 3.87 are observed for HfO,
and HfF,, respectively. Intermediate F/Hf concentration ratios are
observed for HfO,:HfF, ALD cycle ratios of 10:1, 5:1, 1:1, and 1:5,
as shown in Fig. 10(a). Similarly, F/Zr concentration ratios of 0 and
3.89 are observed for ZrO, and ZrF,, respectively. Intermediate
F/Zr concentration ratios are observed for 5:1, 1:1, and 1:5 ZrO,F,
thin films, as shown in Fig. 10(b). Figure 10 confirms that a wide
range of oxygen-to-fluorine concentrations can be achieved based
on various deposition parameters using the nanolaminate method.
Table T summarizes the compositions of the various HfO,F,
and ZrO,F, thin films grown by the nanolaminate method at
150°C. The compositions are given from both XPS and RBS
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FIG. 10. Compositional tunability measured by RBS analysis for (a) HfO,F, and
(b) ZrO4F, films deposited using the nanolaminate method at 150 °C.

analyses. The compositions from XPS analysis are not accurate
because of preferential sputtering during depth profiling. The com-
positions from RBS are consistent with an Hf oxidation state of 4+.
The 5:1 and 1:1 HfO,:HfF, nanolaminates yield an oxidation state
of 4+. The 10:1 and 1:5 HfO,:HfF, nanolaminates show slightly
lower and slightly higher oxidation states of Hf than 4+. Deviations
from an Hf oxidation state of 4+ may result from nonstoichiomet-
ric compositions in the HfO,F, thin films at the interfaces between
the HfO, and the HfF, layers. The ZrO,F, thin films are consistent
with an Zr oxidation state of 4+ for all the ZrO,F, films grown by
the nanolaminate method.
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TABLE |. Compositional analyses by XPS and RBS together with the respective
sputtering rates for HfO,F, and ZrO,F, samples grown by the nanolaminate method
at 150 °C.

Composition Rate of
sputtering

Deposition condition XPS RBS (Als)
HfO, HfO, HfO, g9 0.07
ZrO, 71Oy 13 ZrO, 0.05
ZrF4 ZrOO'15F1'8 Zr00'18F3'89 0.23
HfO,F, by the nanolaminate method

10:1 HfOggoFps  HfO;.46F084 0.1

5:1 HfOO.SFO.SS Hf01_27F1_46 0.13

1:1 HfOOASFLZ Hf00A5F3A00 0.14

1:5 HfOQ.3F1.5 Hf00.33F3‘87 0.16
ZrO,F,, by the nanolaminate method

5:1 ZrOIF0A5 Zr01.27F1.46 0.09

1:1 ZrOOA6F0.g Zr00.76F2.55 0.1

1:5 ZrOg26F1 4 ZrOg.19F3 58 0.21

B. MO,F, films using the HF exchange method

MO,F, thin films were also deposited using the HF exchange
method, as depicted in Fig. 2(b). Figure 11 shows the mass changes
recorded by in situ QCM measurements during 25 consecutive
supercycles of 1:1 HfOF, ALD using the HF exchange method at
150 °C. The reaction sequence during this 1:1 HF exchange super-
cycle consisted of one cycle of HfO, ALD followed by a single HF
exposure. This pulsing sequence during the 1:1 HfO,F, supercycle
is designated as (2-45-0.3-45),-(0.5-45);. Figure 11 displays a linear
mass gain versus time during 25 consecutive HfO,F,, ALD cycles.

8000 - HF Exchange Method
E
o
27500 -
|
g
«» 7000 A
w
©
= TDMAH-Ar-H,0-Ar-HF-Ar
6500 A 2-45-0.3-45-0.5-45
8000 9000 10000 11000
Time (s)

FIG. 11. Mass gain vs time recorded during 25 HfO,F, supercycles grown by
the HF exchange method at 150°C wusing a dosing sequence of
(2-45-0.3-45-0.5-45).
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FIG. 12. Mass gain vs time recorded during three supercycles from a linear
growth regime in Fig. 11.

The overall mass gain per supercycle during 1:1 HfO,F, ALD was
Am = 55-56 ng/(cm’supercycle).

Figure 12 shows three consecutive supercycles from the linear
growth regime of Fig. 11. A mass gain after TDMAH exposure of
Amppan = 62—63 ng/cm2 and mass loss after H,O exposure of
Amy0=-13 to 14 ng/cm2 were observed during the HfO, ALD
cycle. When HF was introduced after the HfO, ALD cycle at a pres-
sure of 20 mTorr, a mass gain of Amyr=7—-8 ng/cm2 was observed
during the fluorination reaction. The overall mass gain per supercycle
during the 1:1 HfO,F, supercycle was Am =Amyzo, + Amyg = 55
—56 ng/ (cmzsupercycle).

For comparison, 25 consecutive supercycles of 1:1 ZrO,F,
ALD by the HF exchange method at 150 °C are shown in Fig. 13.
Figure 14 shows an expansion of three consecutive supercycles
from the linear growth regime of Fig. 13. The mass changes are
similar to 1:1 HfOF, ALD by the HF exchange method. The
overall mass gain during the 1:1 ZrO,F, supercycle was Am =29
—31 ng/(cm’ supercycle).

The composition of the MO,F,, thin films was studied by RBS
analysis. Figure 15 shows the RBS profile of the HfO.F, and
ZrO.F, films with a thickness of ~ 30nm grown the 1:1 HF
exchange method on Si (111) at 150°C. Figure 15(a) shows the
RBS profile for the 1:1 HfO,F, film in the energy range of 200
—1500 keV. This RBS profile displays peaks corresponding to Hf,
O, and F at energies of 1275, 725, and 850 keV, respectively. Based
on the RBS peak fitting, the composition of the 1:1 HfO,F, film
was HfOgg4F245. The RBS profile of the 1:1 ZrO,F, film is dis-
played in Fig. 15(b). The three distinct peaks at energies of 1200,
725, and 850 keV correspond to Zr, O, and F, respectively. The
composition of the 1:1 ZrO,F, thin film was ZrOg 7, F; 24.

Compositional variations in the MO,F, thin films grown by
the HF exchange method can be obtained by changing the HF
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FIG. 13. Mass gain vs time recorded during 25 ZrO,F, supercycles grown by
the HF exchange method at 150°C wusing a dosing sequence of
(0.3-45-0.3-45-0.5-45).

pressure during the fluorination reaction or by varying the number
of MO, ALD cycles prior to the HF fluorination reaction. To evalu-
ate the effect of HF pressure, the HF pressure was varied in the
range of 20—200 mTorr using HfO, or ZrO, ALD layers grown
using five ALD cycles. The mass gains during the fluorination
increased progressively with HF pressure similar to earlier results
for the fluorination of Al,O; by HE."

Figure 16 shows the effect of the underlying MO, ALD film
thickness on the fluorination of both HfO, and ZrO,. The MO,
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FIG. 14. Mass gain vs time recorded during three supercycles from a linear
growth regime in Fig. 13.
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FIG. 15. RBS spectrum of ~30 nm films of (a) HfO,F, and (b) ZrO,F, grown by
the 1:1 HF exchange method on an Si(111) substrate at 150 °C.

ALD film thickness was defined by 5, 50, and 200 MO, ALD cycles.
The HF pressure was kept constant at 20 mTorr. Figure 16(a) reveals
that the mass gains during HF exposure were Amyr = 25—28 ng/cm’
for five HfO, ALD cycles. Likewise, the mass gains increased to
Amyp = 42—45 ng/cm® for 50 and 200 HfO, ALD cycles. For ZrO,
ALD, Fig. 16(b) shows that mass gains of Amyp=25-28 ng/cm2
were observed during HF exposure for five ZrO, ALD cycles. Higher
mass gains of Amyp=65—70ng/cm®> were measured during HF
exposure for 50 and 200 ZrO, ALD cycles. The higher Amyy values
for the thicker ALD films indicate that the HF exchange reaction is
not limited to the surface of the ALD films. HF is able to diffuse into
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FIG. 16. Effect of the underlying MO, thickness on a fluorination reaction mea-
sured by mass gain (Amye) vs the number of HF doses during (a) HfO,F, and
(b) ZrO4F, ALD by using the HF exchange method at 150 °C.

the HfO, and ZrO, ALD films. The fluorination depth in the ALD
films is limited to a film thickness no larger than the thickness
defined by 50 ALD cycles.

The mass changes during fluorination can be utilized to esti-
mate the minimum fluorine penetration depth in the HfO, or
ZrO, ALD films assuming complete conversion to HfF, or ZrF,.
Based on the reaction HfO, + 4 HF (g) — HfF, + 2 H,O (g) given in
Eq. (1), the mass gain Amyyp=45 ng/cm2 is consistent with the con-
version of 1.02 x 10~° mol/cm® of HfO, to HfF,. The mass of this
HfF, layer is 2.6 x 107" g/cm®. This HfF, mass corresponds to an
HfF, film thickness of 3.6 A given an HfF, density of 7.1 g/cm®.
Similarly, the mass gain Amgyy=65ng/cm’ is consistent with the
conversion of 1.48 x 10~° mol/cm? of ZrO, to ZrF,. The mass of this
ZrF, layer is 2.5x 107" g/cm®. This ZrF, mass corresponds with a
ZrF, film thickness of 5.6 A given a ZrF, density of 4.43 g/cm’.

Fluorine diffusion into the ALD layers is another factor that
may affect the amount of fluorination. If F can diffuse into the

ARTICLE avs.scitation.org/journal/jva

ALD layer, then more F may be able to be absorbed at the surface
of the ALD layer. To test for F diffusion, HF was exposed to the
ALD layer after different aging times at 150 °C. The aging times
were 30 min, 1h, 2h, and 3.5h. The increasing in situ QCM mass
changes with aging times indicated that F diffusion occurs in the
ALD layer at 150 °C. Similar results were observed earlier for F dif-
fusion into AL,O; ALD layers."”

The compositional tunability of the HfO,F, and ZrO,F, films
determined by RBS analysis using the HF exchange method is
shown in Fig. 17. Figure 17(a) displays the compositional tunability
of the HfO,F, films with respect to various deposition conditions.
Intermediate F/Hf concentration ratios of 0.24, 1.5, and 2.45 are
observed for HfO, ALD cycle:HF exposure ratios of 50:10, 5:10,
and 1:1, respectively. Figure 17(b) represents the F/Zr concentration
ratios for various ZrO,F, films grown by the HF exchange method.
Intermediate F/Zr concentration ratios of 0.36, 1.81, and 2.24 are
observed for the 50:10, 5:10, and 1:1 ZrO,F, films, respectively.
Table II tabulates the compositions of various HfO.F, and ZrO,F,
films grown using the HF exchange method from both XPS and
RBS analyses. Preferential sputtering accounts for the differences
between the compositions from XPS and RBS analyses.

C. Sputtering rates of MO,F, films

The physical sputtering rates of the various MO,F, films were
evaluated during XPS depth profiling. The physical sputtering rate
was defined according to the total thickness of the MO,F, film and
the sputtering time,

Physical sputtering rate = Thickness of MO,F, film/sputtering time.
(4)

The thicknesses of all MO,F, films were constant at ~30 nm. The
sputtering time was the time required to reach the silicon substrate
surface. This sputtering time was defined when the Si 2p intensity
reached 50% of the total atomic concentration.”'>*" The physical
sputtering rates of pure metal oxides and metal fluorides were
determined to be 0.07, 0.05, 0.25, and 0.23 A/s for HfO,, ZrO,,
HfF,, and ZrF,, respectively. The physical sputtering rates of the
metal fluorides are significantly higher than the physical sputtering
rates of their metal oxide counterparts.

Figures 18 and 19 display the physical sputtering rates as a
function of the F/Hf and F/Zr concentration ratio for the various
HfO,F, and ZrO,F, films grown by the nanolaminate method
and the HF exchange method, respectively. The F/Hf and F/Zr
ratios were determined from RBS analysis. The physical sputter-
ing rates progressively increase at higher fluorine concentrations.
A similar correlation was observed earlier for aluminum and
yttrium oxides and fluorides.” The physical sputtering rates of
the AIO,F, ALD films also progressively increased with fluorine
concentration.'” The sputtering rates for all the samples are
tabulated in Tables I and II. The sputtering rates alone do not
argue that oxyfluoride films are more resistant to fluorine or
oxygen plasmas.

Higher physical sputtering rates at higher fluorine concentra-
tions are consistent with the correlation between the physical
sputtering rate and various parameters such as the boiling point

J. Vac. Sci. Technol. A 39(2) Mar/Apr 2021; doi: 10.1116/6.0000731
Published under license by AVS.

39, 022403-10



JVSTA

Journal of Vacuum Science & Technology A

° 4 - (a) HfO,F, - HF Exchange y °
'Fu' OO.EFB.E?
e
c 3
S
I o
E 2 = HfOU.84F2.45
8 o
S HfO, 55F 1's
O 11
HE_ b Hf01.31FC|.24
“04 eHo,
HfO, 50:10 510 14  HfF,

HfO,F, Deposition Parameters

4- (b) ZrOXFy - HF Exchange
fe) [
E : Zr0q 1F 3 69
c 3-
.0
© o
S 2 - Zr0qg 71F .24
= ZrO; 17F 1 g4
S1-
N A
X [
w04 .ZrO2 ZrO, g1Fp 56
I v ] ¥ ] v 1 v ]
ZrO, 50:10 510 1.1 ZrF,

ZrO,F, Deposition Parameters

FIG. 17. Compositional tunability measured by RBS analysis for (a) HfO,F, and
(b) ZrO4F, films deposited using the HF exchange method at 150 °C.

temperature and bond strengths.” The boiling temperatures of
HfO, and ZrO, are 5400 and 4300 °C, respectively. In contrast, the
boiling temperatures of HfF, and ZrF, are lower at 970 and 905 °C,
respectively. The bond enthalpies of Hf~O and Zr-O bonds are
~802 and 776 kJ/mol, respectively. In contrast, the bond enthalpies
of Hf-F and Zr-F bonds are lower at ~650 and 616 kJ/mol,
respectively.

D. Oxyfluoride films as protective coatings

Fluorine-based plasma exposures to metal oxides, such as
Y,0;, can fluorinate the oxide surface and produce

ARTICLE avs.scitation.org/journal/jva

TABLE II. Compositional analyses by XPS and RBS together with the respective
sputtering rates for HfO,F, and ZrO,F, samples grown by the HF exchange method
at 150 °C.

Composition

Deposition Rate of
condition XPS RBS sputtering (Ass)
HfO, HfO, HfO; 00 0.07
HIF, HfOg07F200 HfOo5Fs67 0.25
ZrO, ZrOq 13 ZrO, 0.05
ZrF4 ZrOQ'lsFLs ZrOO'lsF&gg 0.23
HfO,F, by the HF exchange method

50:10 HfOpoFp0s HfO;81F024 0.09

5:10 HfO()VgF()_S Hf01_25F1_5 0.15

1:1 Hf00.5F1A1 HfOOA84F2445 0.17
ZrO.F, by the HF exchange method

50:10 Zl’Ol'zFO.lz Zr01.81F0'35 0.09

5:10 Zr00'33F0'64 Zr01.17F1'81 0.11

1:1 Zr00477F1 Zr00471F2_24 0.16
particles.”'”'"'® Likewise, oxygen-containing plasma exposures to

metal fluorides, such as YF;, can oxidize and erode the fluorine
surface.”* Figure 1 shows the volume expansion and volume con-
traction as a result of the fluorination of metal oxides and the oxi-
dation of metal fluorides, respectively. The effects of volume
expansion and volume contraction also lead to compressive and
tensile stress in the films, respectively. This film stress can cause
particle generation, erosion, and film cracking.””'’ Minimization of
this stress in protective coatings is needed to enhance corrosion
resistance in both oxygen and fluorine-containing plasma
environments.

To assess various protective coating materials, the molar
volume expansion ratio for the fluorination of the metal oxide to
the metal fluoride can be used to compare the estimated strains
induced in the metal oxide by fluorination. Table III presents the
molar volumes of various metal oxides (MO,) and metal fluorides
(MF,) along with the expansion ratio and estimated strain during
fluorination of the metal oxide. The strain, €, is defined as the
change in length, Al, divided by the initial length, 1, or € =Al/L
The strain is determined from Al/l=(molar volume expansion
ratio)'’* — 1. The molecular weights and densities for the calcula-
tion of molar volumes are taken from the literature.”

Table III shows that the expansion ratio of Al,O; to AlF; is
the highest at a molar volume ratio of 2AIF;/Al,0;=2.26. This
expansion ratio will produce a high strain value of € = Al/l=0.31.
In contrast, the expansion ratio of Y,O3 to 2YF; is the one of the
lowest in Table III at a molar volume ratio of Y,03/2YF;=1.61.
This expansion ratio will produce a lower strain of € = Al/l =0.17.
Y,03, YF;, and YO,F, have frequently been studied as protective
coatings.”" ™'

The expansion ratio of HfO, to HfF, and ZrO, to ZrF, have
molar volume ratios of HfO,/HfF,=1.66 and ZrO,/ZrF,=1.74,
respectively. These expansion ratios will generate strains of
€=Al/1=0.18 and 0.20 for the Hf and Zr systems, respectively.
Based on these expansion ratios and strain values and their similar-
ity to the values for Y,05/YF3, the HfO,F, and ZrO,F, oxyfluorides
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FIG. 18. Sputtering rate of (a) HfO,F, films with a variable F/Hf concentration
ratio and that of (b) ZrO,F, films with a variable F/Zr concentration ratio grown

by the nanolaminate method obtained from XPS depth profiling.
! eiod obtained from =T TABLE IIl. Molar volume of various metal oxides and metal fluorides along with the

metal oxide to metal fluoride expansion ratio and estimated strain.

Metal Molar Metal Molar Expansion
oxide volume fluoride volume ratio Strain
(MO,)  (em’mol) (MF,) (cm’/mol) (MF,/MO,) (e)

are potential materials for protective coatings in both fluorine and
oxygen plasma environments. Other promising oxyfluorides with
even lower strains include materials from the lanthanide series such

as LaO,F,, ErO,F,, and GdO,F,. ALO, 25.81 AlF, 29.16 226 031
The low expansion ratios for HfO, to HfF, and ZrO, to ZrF, 6,0, 35.73 ScE, 40.29 2.26 0.31
lead to low compressive strains upon fluorination of the oxide. Nb,O, 57.78 NbFs 5711 1.98 0.26
Similarly, low contraction ratios for HfF, to HfO, and ZrF, to 7r0, 21.69 ZrF, 37.74 1.74 0.2
ZrO, lead to low tensile strains upon oxidation of the fluoride. HfO, 21.74 HfE, 36.05 1.66 0.18
When considering hafnium and zirconium oxyfluoride films as Y,0, 45.07 Y, 36.38 1.61 0.17
protective coatings for exposure to both fluorine and oxygen- La,05 50.05 LaF, 332 133 0.099
containing plasmas, the oxyfluorides with compositions in the Er,0, 44.28 ErF, 28.68 1.29 0.089
middle of the range would serve as the best starting point. These Gd,0, 48.92 GdF, 30.17 1.23 0.071

oxyfluorides could then change composition to fluoride and oxide
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with minimum strain during exposure to fluorine or oxygen
plasmas. Figure 10 for the nanolaminate method and Fig. 17 for
the HF exchange method provide guidance for the compositional
tuning of these oxyfluoride films.

IV. CONCLUSIONS

Hafnium and zirconium oxyfluoride thin films with tunable
stoichiometry were grown with ALD techniques using TDMAH
and TEMAZ as metal sources and H,O and HF as the oxygen and
fluorine precursors, respectively, at 150 °C. The nanolaminate
method and the HF exchange method were employed to deposit
the MO,F, (M = Hf, Zr) thin films. The nanolaminate method was
defined by the sequential deposition of MO, ALD and MF, ALD
layers. Compositional tunability was obtained by varying the ratio
of the number of MO, ALD cycles to the number of MF, ALD
cycles in the nanolaminate. In comparison, the HF exchange
method was based on the thermodynamically favorable fluorination
reaction of MO, by HF. The composition could be tuned by
varying the thickness of the initial MO, ALD layer or the subse-
quent HF pressure.

The MO,F, growth mechanism was monitored using in situ
QCM studies. Both the deposition methods demonstrated linear
growth of MO,F, ALD at 150 °C. Ex situ RBS studies were utilized
to study the composition of the MO,F, films with respect to
various deposition conditions. The XPS depth profiling investiga-
tions revealed a uniform distribution of metal, O, and F in the
MOLF, films. Compositional tunability in MO,F, ALD throughout
the range from HfO, to HfF, and ZrO, to ZrF, was confirmed by
both XPS and RBS analyses. The physical sputtering rates of the
films were also estimated from the XPS depth-profile measure-
ments. The sputtering rates of pure metal oxides were found to be
significantly lower than their metal fluoride counterparts under
Ar" ion bombardment at 3keV. The physical sputtering rates
increased with fluorine concentration for all MO,F,, films.

The molar volume expansion for the fluorination of HfO, to
HfF, and the fluorination of ZrO, to ZrF, is fairly low. The expan-
sion of HfO, to HfF, and ZrO, to ZrF, have molar volume ratios
of HfO,/HfF, =1.66 and ZrO,/ZrF, = 1.74, respectively. These low
expansion ratios will generate small strains of € =Al/1=0.18 and
0.20 for the Hf and Zr systems, respectively. These smaller strains
will minimize the possibility of film cracking and particle genera-
tion. As a result of these low expansion ratios and strains, HfO,F,
and ZrO,F, oxyfluoride films should be able to serve as effective
protective coatings in fluorine and oxygen-containing plasma
environments.
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