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Atomic layer deposition of HfN, films and improving the film
performance by annealing under NH; atmosphere

A new atomic layer deposition (ALD) method for depositing
hafnium nitride is introduced. Before the primary ALD cycle,
a pre-cleaning step was added to remove oxygen and

OH groups inside the chamber to deposit a low-oxygen
concentration nitride thin film. Atomic-layer-deposited
hafnium nitride is anticipated to be an essential component
of ferroelectric nanodevice electrodes due to its high
compatibility with hafnium-based oxides and low bulk
resistance.
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HfN, films were deposited by atomic layer deposition (ALD) using Hf[N(CH3)(C,Hs)l4 (TEMAHSf) and NHz
as the Hf-precursor and reactant gas, respectively. A precleaning step using TEMAHf as a reducing agent
was devised to minimize the oxygen concentration in the as-deposited film. Consequently, the oxygen
concentration in the film was reduced by ~66%. In addition, the carbon impurity concentration caused
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Accepted 1st December 2022 reduced through post-NHs annealing. The oxygen concentration inside HfN, decreased as the annealing
temperature increased. HfN, films annealed under 900 °C showed dielectric properties similar to
hafnium oxynitride (HfO,N,). However, films annealed over 950 °C transformed into a more electrically

conducting HfN film, showing a resistivity of ~10° pQ cm.
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Introduction

HfO,-based ferroelectric (FE) thin films have become highly
viable materials for various FE devices for microelectronics.
However, as the FE orthorhombic phase does not have ground
state energy, diverse factors influence the desired phase for-
mation. The type of electrode is one of the factors that strongly
influences the formation of HfO,-based thin films into the
desired orthorhombic phase and achieve FE performance.”®
TiN electrode is the most commonly used metal electrode in the
metal-ferroelectric-metal (MFM) capacitor structure. However,
it readily oxidizes during the FE film growth and post-
deposition or post-metallization annealing step, resulting in
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defective dielectric layers (TiO,) at the interface with the FE
film. These layers adversely interfere with FE performance,
resulting in polarization degradation and reliability issues.”"°

Kim et al. reported that a thin (1-2 nm) HfON, (x = ~0.61,
y = ~0.72) interfacial layer, grown by reactive sputtering, could
efficiently suppress such adverse impacts by TiN oxidation.’
The thin interfacial layers were in situ or ex situ oxidized during
their growth and subsequent atomic layer deposition (ALD) of
the Hf, 5Zry 50, (HZO) FE film. This oxidized interfacial layer
protected the TiN film from oxidation-induced degradation.
Interestingly, the oxidized (N-containing) HfO, layer also con-
stituted part of the FE film, further enhancing the HZO film
crystallization into the orthorhombic phase. Owing to the
favorable impact of the HfO,N,, interfacial layer, the remanent
polarization (P;) of the 10 nm-thick HZO film was improved
from ~15 to ~20 pC cm 2.°

The most probable configuration of the MFM capacitor for
next-generation semiconductor devices is the three-dimensional
node type with an extreme aspect ratio. Therefore, all layers,
including the HfN, interfacial layer, should be deposited using a

This journal is © The Royal Society of Chemistry 2023
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method with high conformality, such as ALD. Thus, this study
reports the experimental results of the thermal ALD of the HfN,
(x > 1) film using Hf[N(CH;)(C,Hs)]s (TEMAH() and NH; gas as
the Hf-precursor and N-source, respectively. However, there
have been several reports on the plasma-enhanced ALD (PEALD)
of the HfN, film, using TEMAHf and H, plasma,"""> and
Hf[(CH;),N], (TDMAHf) and N, plasma."® The former studies
reported a low resistivity of 2000-7000 pQ cm of the film, and
the latter reported low contents of oxygen and carbon impurities
(<5%). The bulk metallic HfN has a resistivity as low as ~33 puQ
cm, so several kilo pQ c¢m indicated that the film contained
significant impurities or insulating Hf;N, phases. Moreover,
PEALD usually has a concern about ensuring sufficient step
coverage of the growing films over the extreme aspect ratio
structure. Therefore, the thermal ALD of the HfN film is
preferred, which has not yet been reported.

However, the thermal ALD of the HfN film exhibits several
fundamental problems. First, under normal ALD conditions,
the insulating Hf;N, has higher thermodynamic stability than
metallic HfN due to the preference for the +4 oxidation state of
Hf ions in Hf;N, over the +3 oxidation state in HfN.'*'® This
problem is further strengthened by the +4 oxidation state of the
Hf ion in the TEMAHTS precursor. Second, the HfN, is highly
vulnerable to oxidation by the extremely high oxidation
potential of Hf.'® Therefore, a trace amount of oxygen or H,O
in the ALD chamber would substantially oxidize the growing
film. This problem was the case in this experiment owing to the
unavoidable contamination of the inner wall of the ALD cham-
ber by oxygen and water molecules when the sample was
transferred from the load-lock chamber to the ALD reaction
chamber. Therefore, an additional process step, the in situ
precursor pulse step before the onset of the ALD (the preclean-
ing step) was devised to minimize unwanted oxidation issues in
this study.

Additionally, the experimental results on the chemical vapor
deposited HfN, film using similar precursors demonstrated
that the post-deposition annealing could further eliminate the
impurities under the appropriate atmosphere.'”” Inspired by
such a report, this study attempts to post-anneal the ALD films
under the NH; ambient to crystallize and decrease the con-
taminants. However, achieving a metallic HfN film was not the
primary goal of the study because the interfacial layer was
oxidized to a slightly N-containing HfO, layer during the
MFM capacitor process. Rather than that, achieving low carbon
contamination, controlling the oxygen concentration and the
oxidation state of Hf with annealing temperature is the primary
goal of this study, as different phases of oxynitrides (Hf,0;,N,,
Hf,04N,, Hf,ON,) and nitrides (HfN, Hf;N,) can differently
affect the HZO film property.

Experimental

HfN, films were deposited on p-type Si (100) and 50 nm-thick
SiO,/p-type Si (100) substrates by employing a thermal ALD tool
(Atomic-Classic, CN1). TEMAHf was used as a Hf-precursor,
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and NH; gas was used as a reactant. The temperatures of the
bubbler-type TEMAH{ canister and the gas lines were main-
tained at 70 °C and 110 °C, respectively. The purity of NH; and
Ar gases is 99.9995% and 99.9999%. NH; and Ar purge gas flow
rates were 50 and 950 standard cubic centimeters per min
(scem), respectively. The HfN, films were annealed under an N,
or NH; gas atmosphere using a rapid thermal process (RTP,
ULTECH, and Real RTP-100). The film thickness was measured
using scanning electron microscopy (SEM, Carl Zeiss, SIGMA)
and Cs-corrected scanning transmission electron microscopy
(Cs-STEM, JEOL, JEM-ARM200F). Grazing-angle incidence X-ray
diffraction (GIXRD, PANalytical, X’pert Pro, angle of incidence =
0.5°) and Cs corrected TEM(Cs-TEM, JEOL, JEM-ARM200F) was
used to analyze the crystal structure of the HfN, films. The
topography and grain configuration of the films were analyzed
using atomic force microscopy (AFM, Park Systems, NX10) and
SEM, respectively. The composition and impurity content of the
films were analyzed using Auger electron spectroscopy (AES,
ULVAC-PHI, PHI-700). In addition, X-ray photoelectron spectro-
scopy (XPS, PHI, Versaprobe III) analysis was performed to
determine the chemical bonding state of HfN, films. A four-
point probe measurement was used to estimate the resistivity of
the films. However, the electrical properties of the insulating
HIN, films, which did not show resistivity with the four-point
probe, were investigated by fabricating a metal-insulator-metal
(MIM) capacitor structure.

A 50 nm-thick TiN was used as the bottom electrode, and
30 nm-thick Pt/5 nm-thick TiN was used as the top electrode,
where the TiN layer contacts the HfN, film. The TiN and Pt
layers were deposited by direct current (DC) reactive sputtering.
The top electrode was patterned by a shadow mask having a
diameter of ~300 pm. Capacitance-voltage (C-V) and current
density-voltage (J-V) characteristics were measured using the
HP4194A impedance analyzer and HP4140D picoammeter/DC
voltage source, respectively.

Results and discussion
Atomic layer deposition of HfN, films

The process sequences with and without the precleaning step
procedures, from the Si (or TiN) substrates loading into the
ALD chamber to their unloading, are shown in Fig. 1(a and b),
respectively. All samples were typically deposited at a substrate
temperature of 200 °C, but several samples were grown at
different temperatures to examine the growth temperature
effect. In both processes, Ar gas was flown for 60 min imme-
diately after loading the substrate from the load-lock chamber
to the ALD chamber to decrease the oxygen impurities that may
have diffused into the ALD chamber. As shown later, severe
oxygen contamination was found in the as-grown film, indicat-
ing that the Ar gas flow before the onset of the ALD process was
insufficient to remove the residual oxygen-containing species.
Therefore, an in situ precleaning step was added to reduce the
oxygen impurities after the Ar gas purge step.

J. Mater. Chem. C, 2023, 11, 8018-8026 | 8019
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Fig. 1 Atomic layer deposition(ALD) process flow of HfN, from substrate loading to unloading, (a) with and (b) without the precleaning step. Pulse time

and Ar flow of one cycle of (c) precleaning step and (d) main ALD step.

One cycle of the precleaning step consisted of injecting
TEMAHY( for 2 s, Ar purging with 950 sccm for 5 s, and another
Ar purging with 50 sccm for 15 s twice, as shown in Fig. 1(c). A
consecutive pulse of Ar with various flow rates was included to
ensure the extraction of the remaining TEMAHf precursor,
oxygen, from the chamber. The main HfN, ALD cycle was
composed of pulsing TEMAHf for 3 s, Ar pur ging with
950 scem for 60 s + 50 sccm for 15 s, NH;3 gas pulse (50 scem)

for 0.5 s, and Ar purging with 950 scem for 180 s + 50 scem for
15 s, as shown in Fig. 1(d).

Fig. 2(a-d) shows variations in the growth per cycle (GPC) of
the HfN, film with the change in the ALD parameters. All the
HIN, films were grown with the precleaning step. Self-limiting
behavior, a typical characteristic of ALD, was observed for
precursor injection and purge times. The times of the four
steps constituting the ALD process are displayed inside each
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Fig. 2 Variation of growth per cycle (GPC) of HfN,, deposited with the precleaning step, with the change in (a) Hf[N(CH3)(C,H5s)l4 (TEMAHT) feeding time,
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graph (precursor feeding time/Ar purge time/NH; feeding time/
Ar purge time; ‘X’ represents a variable). Fig. 2(a) shows the
change in GPC with increasing TEMAHf injection time. The
increase rate of GPC decreased at 1 s of TEMAH( injection time
and was saturated after 3 s. Fig. 2(b) shows the GPC variation as
the NH; injection time increases. The GPC was saturated even
at 0.5 s. The saturated GPC was 0.135 nm per cycle for both the
TEMAH(f and NH; injections. Fig. 2(c and d) show the GPC with
increasing purge time of the two purge steps. It was found that
a purge time of more than 60 s (or 180 s) is required to
sufficiently remove the excess TEMAHf precursor (or bypro-
ducts formed by the reaction with NH; gas). Previous papers
reported that NH; forms non-volatile adducts during
deposition,'® requiring a more extended purge to remove such
byproducts. Based on these results, the ALD cycle of the HfN
film consisted of the following steps with an intermittent
pumping step (Ar 50 scem) for 15 s after each purge step (see
Fig. 1(d)): TEMAHTS feeding (3 s), Ar purge (60 s), NH; feeding
(0.5 s), and Ar purge (180 s).

Fig. 2(e) shows that the thickness linearly increases as the
ALD cycle numbers increase. High linearity was observed with
almost no incubation cycles. The GPC calculated by the slope
was ~0.130 nm per cycle, which agrees with the saturated
growth rate shown in Fig. 2(a-d). Fig. 2(f) shows the GPC with
increasing deposition temperatures. An ALD window with a
constant GPC was observed between 120 and 200 °C, but the
higher growth temperatures (>250 °C) increased the GPC,
suggesting the thermal decomposition of the precursor. It has
been reported that TEMAHf starts to thermally decompose
from 250 °C to 300 °C.'**

Effect of the precleaning step on the impurity concentration of
HfN, film

Fig. 3(a and b) show the AES depth profiles of the 15 nm-thick
HfN, films without and with the precleaning step, respectively,
and Fig. 3(c and d) show the schematic diagrams for the
deposition process of the corresponding films. The film
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without the precleaning step had an oxygen concentration as
high as ~40-60%, and the chemical composition was non-
uniform across the film thickness. Even though the chamber
was purged with Ar gas for 1 hour before the onset of the main
ALD cycles, oxygen impurities were not effectively removed
from the ALD chamber. In addition, although the NH; gas
concentration must be higher than that of oxygen impurities
near the substrate when injecting NH;, the much higher
reactivity of Hf atoms (or TEMAHf molecules) toward oxygen-
containing species than NH; oxidized the growing film. There-
fore, the film was vulnerable to oxidation, as shown in Fig. 3(c).

Moreover, the high oxidation potential of TEMAHf could be
utilized to remove the oxygen-containing species within the
ALD chamber in the precleaning step. The TEMAH{ precursor,
which may react with the oxygen-containing species on the
substrate surface, within the chamber volume, and on the inner
surface, was injected without the NH;. The subsequent Ar
purge and pumping cycles removed the reaction byproducts
and unreacted TEMAHf molecules, as shown in the upper
schematics of Fig. 3(d). Because of including such a preclean-
ing step, the oxygen concentration in the deposited film
decreased to < ~20% (Fig. 3(b)). The high surface oxygen
concentration was owing to the adverse oxidation of the film
during the air exposure before the AES analysis. Additionally,
the chemical composition of the film became more uniform.
However, the carbon impurity concentration increased to
~ 8%, indicating relatively lower reactivity of NH; compared
with the oxygen or water molecules during the ALD (Lower
panel schematics of Fig. 3(d)). However, post-annealing in the
NH; ambient could decrease these unwanted oxygen and
carbon concentrations, as shown later.

The TEMAHf molecules injected during the precleaning step
grew an additional thickness of only ~0.6 nm, which could be
identified from the y-axis intercept, as demonstrated in
Fig. 2(e).

Fig. S1(a) of the online ESIT shows that thickness increases
as a function of the ALD cycle number. All samples were
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This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. C, 2023, 11, 8018-8026 | 8021


https://doi.org/10.1039/d2tc03964h

Published on 16 December 2022. Downloaded on 6/20/2026 4:12:35 PM.

Journal of Materials Chemistry C

=100 =100

View Article Online

(a) N,-annealing

[0
o
(o]
o

D
o
H D
o o

N
o
N
o

-_-—-—l-——-.'n‘s,

0 2 4 6 8
Sputtering time [m]

0

Atomic concentration [%
)
Atomic concentration [%

0 2 4
Sputtering time [m]

|(d) Hfo, 4ty HiN 4f,,

1000°C/

asdep

Intensity [a.u.]

22 20 18 16 14 12
Binding energy [eV]

[ 18.2eV
14.9 eV

(b) NH,-annealing

Paper
" H,ON, ' ' (C)
— OHN (111)
= % HiN (200)
S, %%&%A@w A 0
> fme1100°C
? e | 1000°C
|5 - A 900°C
= | . 700°C
M A As-dep
8 200 30 40 50 60 70

2 Theta [degree]

0.8} ]

06f . . 1

0 400 800 1200
Temperature[°C]
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analysis of films annealed at various temperatures, X-ray photoelectron spectroscopy of films annealed at various temperatures, and (e) roughness. All
films were deposited with the precleaning step, with a thickness of 15 nm, and annealing was conducted in NHz ambient, except for (a).

deposited without the precleaning step. Fig. S1(b-d) (ESIT)
shows the AFM and SEM images of TiN before and after the
precleaning step. Compared to the thickness increase of HfN,
film deposited with the precleaning step in Fig. 2(e), GPC
remained almost constant (0.125 nm per cycle), but an incuba-
tion cycle of ~16 cycles was observed. Therefore, some of the
precursors are adsorbed on the substrate during the preclean-
ing step, which enhances precursor adsorption for subsequent
film growth, thereby eliminating the incubation cycle.

The roughness increased from 0.29 nm to 0.34 nm after the
precleaning step owing to TEMAHf precursor adsorption,
which coincides with the results illustrated in Fig. S1(a) (ESIt).
The grain diameter of TiN increased from 6.58 nm to 7.01 nm
after the precleaning step.

Annealing effect on the films deposited with the precleaning
step

To further lower the oxygen concentration in the HfN, films
and to remove carbon impurities caused by the precleaning
step, annealing was carried out at 900 °C in an N, or NH; gas
atmosphere for 60 s. Fig. 4(a and b) show the AES depth profile
of HfN, films annealed in N, and NH; gas atmospheres,
respectively. All the HfN, films were grown with the precleaning
step. The annealing in the N, gas atmosphere decreased the
carbon concentration from ~8% to ~4%. However, it slightly
increased the oxygen concentration, which may have been
caused by the residual oxygen concentration in the N, gas.

8022 | J Mater. Chem. C, 2023, 11, 8018-8026

In contrast, the annealing in the NH; atmosphere almost
completely removed the carbon impurity (<2% of residual
concentration). Notably, oxygen impurities were significantly
reduced to ~5% in the bulk film. The relatively high oxygen
concentration near the surface is due to adverse oxidation
during air exposure. NH; gas has a higher chemical reactivity
for nitridation than N,. Therefore, when HfN, film is annealed
under the NH; atmosphere, NH; protects the thin film from
oxidation and replaces loosely bonded oxygen and carbon
impurities with nitrogen.

Fig. 4(c) shows the GIXRD spectra of the films as-deposited
and annealed under the NH; atmosphere for 60 s at various
temperatures (700-1100 °C). The broad peak at 20 = 30-35° of
the as-deposited film was attributed to HfN,, (x > 1) in previous
studies that reported ALD'* and chemical vapor deposition
(CVD) of HfN, films."” They also adopted TEMAHf and NH3,
as in this study, and reported that the deposited film had a
similar composition to the Hf;N, instead of HfN.'* Phase
transformation from HfN, did not occur even when the films
were annealed at 900 °C, showing a similar GIXRD pattern to
the as-deposited sample. However, when the film was annealed
at 1000 °C, HfN (111) and HfN (200) peaks appeared, suggesting
the crystallization of the film into the HfN phase. This result
resembles the experimental result of Wang et al.,'” where the
phase change from HfN, (x > 1) to the HfN phase was observed
when the film was heat treated above 950 °C under the vacuum
condition (10~° Pa). When the annealing temperature was

This journal is © The Royal Society of Chemistry 2023
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further increased to 1100 °C, oxygen contamination in the RTP
chamber or the remaining oxygen impurities in the film reacted
with the HfN, showing an HfO,N, peak near 20 = ~32°.

Fig. 4(d) shows the XPS Hf 4f spectra of the 15 nm-thick
films, which were as-deposited and post-annealed at 1000 °C
under the NH; atmosphere. A thin surface layer (3 nm) was
in situ etched by Ar" ions in the XPS chamber to remove the
surface oxidation layer by air exposure. Because there are
various oxynitrides (HfOxN,) as well as oxide (HfO,) and nitride
(HfN, Hf3N,) inside the film, the deconvolution of each peak
was challenging. Therefore, the two XPS spectra were compared
based on the standard Hf 4f peak positions of the HfO, and
HfN phases. Because the electronegativity of oxygen is higher
than that of nitrogen, the binding energy of Hf 4f electrons in
oxides is higher than that of nitrides.**”>> Moreover, the bind-
ing energy of Hf 4f in Hf;N, is higher than that in HfN.
Therefore, the highest and lowest binding energy peaks that
the HfN, thin films can show are the Hf 4f;, peak of HfO, and
the Hf 4f,,, peak of HfN, respectively.

The as-deposited film showed relatively well-separated
peaks, with its higher binding energy peak position being
consistent with the Hf 4f;5,, peak of HfO,. However, compared
with the as-deposited film, the XPS spectra of the annealed
HfN, film showed a non-separated peak, and its position
shifted toward the low binding energy direction. In addition,
the intensity was notably increased near 14.9 eV, which corre-
sponded to the HfN 4f,, peak. This finding indicates that
oxygen was released from the film when the film was annealed,
and the oxidation state of Hf transformed from 4+ to 3+ state,
showing an increase in HfN bonding.

Fig. 4(e) shows the variations in the surface roughness of the 15
nm-thick films annealed at various temperatures, estimated by the
AFM. The AFM images are shown in Fig. S2 (ESIt). Roughness
increased with increasing temperature but did not show a sub-
stantial change until the annealing temperature increased to
1000 °C. Above 1000 °C, it significantly increased as the film
crystallized (Fig. 4(c)). Fig. S3 (ESIf) shows the SEM images of
the corresponding samples. The film showed smooth and fine-
grained surface morphologies of up to 700 °C, and a notable
increase in grain size of over 1000 °C. When the film was crystal-
lized by the RTA at >900 °C, the grain diameter was ~7-8 nm.

To determine the conformity of the ALD deposition, HfN
was deposited on a contact hole structure with an opening
diameter and depth of 54.8 and 385.7 nm, respectively (aspect
ratio is ~1:7). Fig. 5(a) shows the cross-section of the hole
structure filled with the as-deposited HfN, film observed by the
Cs-STEM. The entire contact hole region was filled with the
film, and only a tiny seam could be observed at the center
portion, suggesting conformal film growth. Fig. 5(b) shows the
Cs-TEM image of the red square area in Fig. 5(a and c) shows
the fast-Fourier transformed (FFT) image of the red area in
Fig. 5(b). The film showed no evidence of crystallization, but
Fig. 5(c) shows broad rings and faint spots, suggesting the
inclusion of sub-nano-scale crystalline nuclei. This finding
agrees with the broad GIXRD peak from the as-deposited, as
shown in Fig. 4(c).

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Cs-corrected scanning transmission electron microscopy
(Cs-STEM) image of HfN, film deposited on contact hole structure with
an aspect ratio of 1:7, (b) Cs-corrected TEM image of red square area in
(a) and (c) fast-Fourier transformed image of red box area in (b).

Annealing effect on the films deposited without the
precleaning step

Fig. 6(a) shows the GIXRD spectra of the films deposited
without the precleaning step, which are annealed under the
NH; atmosphere for 60 s at various temperatures (700-1000 °C).
As-deposited films showed similar characteristics to films
deposited with the precleaning step, having broad peaks at
20 = 30-35°. The film annealed at 700 °C showed intense peaks
that could not be assigned to HfO,, Hf;N,, or HfN. When the
chemical composition of mixed oxide and nitride under this
growth condition was considered, these peaks could be reason-
ably assigned to the HfO,N,, phase. The crystallization tempera-
ture of hafnium oxides with a thickness of 10-20 nm is in the
range of 400-700 °C,*°>° which is below the phase transforma-
tion temperature of Hf;N, to HfN. Therefore, the higher oxygen
concentration of the grown film without the precleaning step
may induce crystallization even at 700 °C.

It is notable that increasing the RTA temperature up to
900 °C shifted the HfO,N,, peak to a lower angle and decreased
the diffraction peak intensities. This behavior could be
explained by the gradual elimination of oxygen from the film
as the RTA temperature increases, which must be accompanied
by decreased crystallization since crystallization into the nitride
has not occurred. At 1000 °C, the film crystallized into a mixture
of HfO, and HfN. Fig. 6(b and c) show the roughness and grain
size changes with the RTA temperature, respectively. The raw
AFM and SEM images for these values are included in Fig. S4
and S5 of ESIL, respectively. They increased insignificantly to
1000 °C, in contrast to the samples deposited with the pre-
cleaning process, because the film was already crystalline even
at 700 °C. The grain diameter was smaller than that of the
annealed films deposited with the precleaning step.

Therefore, it can be concluded that NH; annealing effec-
tively decreases the oxygen concentration in the as-deposited
film. However, the precleaning step is required for high-quality
nitride film growth. If not, even after RTA in the NH;
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Fig. 6 (a) GIXRD, (b) roughness, and (c) grain diameter dependence on the annealing temperature of 15nm HfN, films deposited without the precleaning

step. All samples were annealed at NHs ambient.

atmosphere, the film will eventually crystallize into a mixture of
oxide and nitride.

Electrical properties of films deposited with the precleaning
step

The electrical properties of 15 nm-thick as-deposited and
annealed films deposited with the precleaning step were inves-
tigated. Fig. 7(a) shows the J-V curves of the films, indicating
that the as-deposited and annealed films up to 700 °C are
insulating. This finding agrees with the phase analysis in
Fig. 4(c), where the change to conducting HfN did not appear
up to an annealing temperature of 900 °C. However, the film
annealed at 1000 °C showed a very high current density,
corroborating the evolution of the HfN phase at this tempera-
ture (Fig. 4(c)). The film resistivity was estimated using the four-
point probe method, and the results are summarized in
Fig. 7(b). The as-deposited film and the films annealed below
900 °C were too insulating to measure their resistivity values by
applying the given method. When the film was annealed at
950 °C, its resistivity was as high as ~3 x 107 pQ cm, suggest-
ing the incomplete transition into the conducting HfN phase.
When the annealing temperature increased to 1000 °C, the
resistivity decreased to ~1 x 10° pQ cm, suggesting more HfN
formation. However, a further resistivity decrease was not

observed with an even higher annealing temperature, which
agrees with the results of Wang et al.'” The 1 x 10° uQ cm of
resistivity is significantly larger than the bulk resistivity of HfN
(33 pQ cm). This high resistivity indicates the presence of an
untransformed Hf;N, phase and the involvement of insulating
oxides, which can be observed in the broad XPS peak shown in
Fig. 4(d).

The dielectric constant of the insulating HfN, was measured
through C-V measurements. Fig. 7(c) shows the dielectric
constant of 15 nm-thick films with various annealing tempera-
tures. As shown in Fig. S6 of ESI,} the dielectric loss was
sufficiently low (< 0.02) to ensure the reliability of capacitance.
The dielectric constant of the as-deposited film was ~19 and
increased to ~30 when annealed at 700 °C. Because the
dielectric constants of HfO, and Hf;N, are ~15-20 and
~31,%° respectively, the increment in the dielectric constant
with temperature is caused by the removal of oxygen in the
film, which occurs more effectively at a higher temperature.

Fig. 8(a and b) show the Cs-STEM images of HfN, annealed
at 450 °C and 700 °C, respectively. They show that the inter-
facial layer between TiN and HfN does not differ with the
annealing temperature. However, the film after 700 °C anneal-
ing shows local crystallization, which may contribute to the
dielectric constant increase.
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Fig. 7 (a) Current density—voltage graph, (b) resistivity, and (c) dielectric constant—voltage analysis of 15 nm HfN, films annealed at various temperatures

under NHz ambient.

8024 | J Mater. Chem. C, 2023, 11, 8018-8026

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2tc03964h

Published on 16 December 2022. Downloaded on 6/20/2026 4:12:35 PM.

Paper

Fig. 8 Cs-STEM image of HfN, annealed at (a) 450 °C and (b) 700 °C. All
films were deposited with pre-cleaning step.

Conclusions

Thermal ALD of the HfN, film was attempted using TEMAHf
and NH; as the Hf- and N-sources, respectively, at a typical
substrate temperature of 200 °C. Although the adopted pre-
cursor and reactant showed a facile ALD reaction route via the
ligand exchange reaction, the residual oxygen-containing spe-
cies, O, and H,O, in the reaction chamber severely contami-
nated the film with oxygen. The problem could not be solved
even with a prolonged Ar purge step. Therefore, an in situ
precleaning step was devised to eliminate the adverse oxygen-
containing species within the ALD chamber after loading the
substrate. This precleaning step was composed of repeated
pulsing and purging of the TEMAH( precursor without introdu-
cing NH; gas. The precleaning step resulted in minimal film
(perhaps HfO,) growth (~0.6 nm) on the substrate but sub-
stantially decreased the oxygen concentration in the film from
40-50% to ~20%. The ALD-specific saturated growth was
confirmed with a saturated growth per cycle of ~0.13 nm
per cycle.

However, the lower chemical reactivity of NH; toward the
TEMAHT{ precursor, compared with oxygen-containing species,
resulted in relatively high oxygen (~20%) and carbon contam-
ination (~ 8%). Therefore, post-deposition RTA under the NH;
atmosphere further decreased the oxygen and carbon contents.
The post-annealing at temperatures higher than 900 °C effi-
ciently decreased the oxygen and carbon concentrations to
~5% and 2%, respectively. However, crystallization into the
conducting HfN layer was achieved after annealing at tempera-
tures higher than 1000 °C. The resistivity of the crystallized film
was ~1 x 10° uQ cm, which is 4-5 orders of magnitude higher
than the bulk HfN. Such a higher resistivity and high annealing
temperature (>1000 °C) render the ALD HfN, film inappropri-
ate as the electrode for HfO,-based dielectric and ferroelectric
films. Instead, it may be useful as the buffer layer to suppress
the adverse chemical interaction between the dielectric/
ferroelectric film and TiN electrode, which was reported for
the sputter-deposited HfO,N, film.
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