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ABSTRACT

Copper has been used as an interconnect material in integrated semiconductor devices because of its excellent conductivity, mechanical
strength, and electromigration resistance. Introducing a diffusion barrier layer using transition metals such as Ti, Ta, W, Mo, and their
nitrides can effectively prevent copper diffusion into the transistor region. TiN is widely used as the diffusion barrier. Plasma-enhanced
atomic layer deposition (PEALD), which uses plasma to activate molecular reactions, can be used to fabricate high-quality thin films at
lower temperatures than thermal atomic layer deposition. However, its high electrical resistivity and poor step coverage are disadvantageous
for its adoption in highly scaled three-dimensional structures. In this study, TiN thin films were fabricated using PEALD with a hollow
cathode plasma (HCP) source. The fabricated TiN exhibited a high density (5.29 g/cm3), which was very close to the theoretical density of
TiN. Moreover, it has low electrical resistivity (132 μΩ cm) and excellent step coverage (>98%) in a trench pattern with a high aspect ratio of
32:1. These results suggest the possible application of the PEALD of TiN films using HCP sources in semiconductor device manufacturing.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003319

I. INTRODUCTION

Copper has gained attention as a metal interconnect material
because of its low electrical resistance and excellent resistance to
electromigration compared with aluminum.1–7 However, copper
has two limitations that must be addressed. The first is its poor
adhesion to SiO2, owing to its inability to reduce SiO2, resulting in
a simple physical bond rather than a chemical bond at the inter-
face. The second mechanism involves rapid diffusion of copper
atoms into Si and SiO2. Copper diffuses rapidly into Si even at tem-
peratures below approximately 200 °C and reacts rapidly with Si to
form CuSi3, which forms harmful trap levels inside the bandgap,
negatively affecting the reliability characteristics of semiconductor
devices.1,2,5–7 To solve these problems, copper diffusion barrier
films, such as Ti, Ta, W, TiN, TaN, WN, and MoN, are required
between silicon-based devices and copper.6–12

With the continuous scaling of semiconductor devices, the
formation of diffusion barrier layers has changed, especially for

TiN, which is widely used in the fabrication process. Among
various deposition methods, atomic layer deposition (ALD) has
been actively investigated because of its atomic-scale thickness con-
trollability and excellent step coverage. Typically, thermal ALD uses
a thermal energy source to induce chemical reactions to deposit
TiN thin films. For ALD TiN research, studies have been conducted
in the process temperature range of 200–500 °C. However, a high
electrical resistivity, high concentration of impurities, and low failure
temperature for Cu diffusion were observed even in this temperature
range. Consequently, plasma-enhanced ALD (PEALD), which simul-
taneously supplies heat and plasma energy, has been gaining atten-
tion for producing high-quality TiN thin films.13–17

Hollow cathode plasma (HCP) has recently attracted consider-
able attention as a new plasma source for PEALD. Unlike conven-
tional plasma sources, such as capacitively coupled plasma (CCP),
inductively coupled plasma (ICP), and microwave plasma (MP),
HCP has the advantage of preventing oxygen contamination due to
the etching of the dielectric liner inside the equipment, which is
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considered an important process factor that determines the film
properties during nitride and non-oxide film deposition. HCP
forms plasma using the same principle as conventional CCP;
however, the difference lies in the direction and density of the radi-
cals formed in the plasma. Holes exist in the cathode structure;
ions and electrons are trapped in the holes, resonate inside the
walls of the cavity, collide with the injected gas species, and form
plasma. Simultaneously, a high electron density and plasma with a
density 2–3 times higher than that of CCP can be obtained owing
to the hole, which is called the hollow cathode effect.17 Because the
entire part generating plasma comprises metal (stainless steel),
oxygen contamination owing to the presence of dielectrics in the
plasma generator, such as ICP and MP, can be neglected, facilitat-
ing the deposition of non-oxide thin films, such as metals and their
nitrides. Finally, the number of ion species that accelerated directly
onto the substrate was small, which resulted in low plasma damage
and excellent growth rates. Because of these advantages, HCP is
attracting attention as a new plasma source to replace other plasma
sources, and deposition research on nitride materials, such as AlN,
AlGaN, InN, and SiN, is being actively conducted.1,4,17–23

In this study, HCP-assisted ALD (HCP-ALD) was used to
fabricate high-quality TiN thin films with copper diffusion bar-
riers. During this process, the deposition temperature range was
set to 200–300 °C. Moreover, the structural, chemical, and elec-
trical properties of the films within the low-temperature range
were analyzed to compare and understand the film properties
according to the deposition temperature. Furthermore, the step
coverage and Cu diffusion barrier characteristics of TiN thin
films, which could be the primary concerns for diffusion barrier
applications, were evaluated.

II. EXPERIMENT

A schematic diagram of the HCP-ALD instrument used in
this study is shown in Fig. 1(a). The PEALD instrument was modi-
fied using a traveling-wave-type thermal ALD instrument (Atomic
Classic, CN-1, Korea). The HCP was Series 50 from Meaglow
(Canada), which can apply up to 600 W of DC and RF power.
Figure 1(b) shows a schematic of the TiN deposition process using
HCP-ALD. TiCl4 was used as the Ti precursor, NH3 plasma was
used as the reactive gas, and N2 was used as the purge and carrier
gas for TiN deposition. The process sequence was TiCl4 injection
(1 s), N2 purge (60 s), NH3 plasma pulse (15 s), N2 purge (60 s),
and one ALD cycle that comprises these four gas pulses. The
process temperatures were mainly 200, 230, 250, 280, and 300 °C,
and the plasma power was set to 300 W, which was optimized to
obtain low film resistivity. The thickness of the deposited TiN was
measured using the Drude-Lorentz mode of an ellipsometer (Film
Sense, FS-1, USA) and verified using cross-sectional scanning elec-
tron microscopy.

TiN thin films deposited through HCP-ALD were characterized
using x-ray diffraction (XRD, Rigaku, Dmax 2500, Japan), x-ray fluo-
rescence (XRF, ARL, QUANTX, USA), x-ray reflectometry (XRR,
Rigaku, Smart Lab, Japan), focused ion beam (Crossbeam, Germany),
transmission electron microscope (Cs-TEM, JEOL, NEO ARM,
Japan), atomic force microscope (AFM, Park, XE-7, Korea), and
4-point probe (AIT, CMT-100, Korea) to analyze the physical

properties of TiN thin films. Auger electron spectroscopy (AES,
Physical Electronics, PHI-710, USA), x-ray photoelectron spectroscopy
(XPS, Physical Electronics, PHI-5000 Nexa, USA), Rutherford back-
scattering spectroscopy (RBS, NEC, Japan), and time-of-flight second-
ary ion mass spectroscopy (ToF-SIMS, Spectral, ToF SIMS 5, Sweden)
were used to characterize the chemical properties of TiN thin films.

Rapid thermal annealing (RTA, Ultech, Real RTP-100, Korea)
was used to conduct copper diffusion experiments. The copper
diffusion test was performed by depositing 100 nm of Cu on a
TiN thin film grown on SiO2 and Si substrates and subjecting it to
30 min of RTA at 200, 400, 600, 700, and 800 °C in a vacuum
atmosphere.

III. RESULTS AND DISCUSSION

A. Growth of a TiN film

The ALD process varies with the film growth rate depending
on the deposition temperature, time at which the precursor and

FIG. 1. (a) Schematic of HCP-ALD apparatus, (b) schematic of HCP-ALD
process of the TiN film.
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reaction gases are injected, and purge time. Therefore, the ALD
process conditions were explored by observing the changes in the
growth rate. Figures 2(a) and 2(c) show the areal density of Ti as a
function of the TiCl4 feeding time, NH3 plasma feeding time, and
purging time at a 300 °C process temperature. The areal density of
Ti was measured using XRF after thin-film deposition on a Si sub-
strate. Figure 2(a) shows that the Ti areal density increased with
increasing injection time and became constant after 1 s. For NH3

plasma application times in the range of 20–30 s, a continuous
increase in film density with increasing pulse time was observed, as
shown in Fig. 2(b). The ideal ALD film growth behavior converged
to a certain level with increasing application time, such as the Ti
precursor injection time, which was not confirmed in the experi-
ments on the NH3 plasma time. Tiznado and Zaera reported that
additional TiN growth could occur during NH3 treatment owing to
the reaction of re-desorbed TiCl4 from the walls of the reactor,
which resulted in unstable growth reproducibility.24 In our case, a
high Ti areal density was reproducibly obtained after 15 s of plasma
treatment. Therefore, a 15 s application condition was set as the
process condition. In the case of TiCl4 purged with N2 gas, as the
purge time increased, the areal density of Ti decreased sharply and
then converged to a constant value, with the converged value start-
ing at 30 s. However, we set the TiCl4 purge time to 60 s because a
long purge time could minimize the equipment damage due to

residual Cl-related gas molecules. For after purging NH3, the areal
density of Ti decreased at 60 s. Therefore, based on these results,
the process time conditions were set as TiCl4 injection (1 s), N2

purge (60 s), NH3 plasma pulse (15 s), and N2 purge (60 s) for the
deposition experiment.

The growth per cycle (GPC, same as the growth rate) of TiN
in the temperature range of 170–350 °C is calculated to compare
the TiN thin film properties with respect to the deposition temper-
ature, and the results are shown in Fig. 2(d). The process tempera-
ture was subdivided into 170, 200, 230, 250, 280, 300, 330, and
350 °C within the mentioned temperature range, and the thickness
of the film was measured using an ellipsometer according to the
number of ALD cycle. Figure 2(d) shows a constant GPC of
approximately 0.5 Å/cycle in the temperature range of 170–300 °C,
indicating that this temperature range represents the ALD window
for the ALD process. GPC was largely increased above 300 °C,
which could be attributed to the increased adsorption and reaction
of gas molecules. Although the experiments for the process time
conditions were performed based on a process temperature of
300 °C, similar GPC was observed over the temperature range of
the ALD window. Therefore, the process-time conditions can be
readily applied in this temperature range. The GPC was similar in
the ALD window; however, the properties of the TiN films differed
owing to the temperature effect.

FIG. 2. Variation in Ti areal density (a) according to TiCl4 dose time, (b) NH3 plasma pulse time, (c) TiCl4 and NH3 purging time, and (d) GPC of the TiN film depending
on deposition temperature.

ARTICLE pubs.aip.org/avs/jva

J. Vac. Sci. Technol. A 42(2) Mar/Apr 2024; doi: 10.1116/6.0003319 42, 022405-3

Published under an exclusive license by the AVS

 19 M
arch 2024 01:10:25

https://pubs.aip.org/avs/jva


B. Structural and physical properties of the TiN film

Figure 3 shows the XRD patterns of TiN thin films as a func-
tion of the deposition temperature. Regardless of the temperature,
it has an FCC polycrystalline structure, with (200) as the primary
peak and (111) as the emerging peak. The intensity of all the peaks
increased, and the width of the peak decreased with increasing
process temperature. Consequently, it is predicted that the crystal-
linity of the TiN film increases with increasing process temperature
and that the grain size increases owing to the growth of crystallites
in the film. The diffraction peak intensity increased with increasing
deposition temperature, and the size of the grains obtained from
the Scherrer method increased by approximately 2 times at 300 °C
compared to that at 200 °C for the (111) plane. Average grain sizes
of (111) were 4.19, 4.81, 5.58, 9.10, and 10.21 nm at 200, 230, 250,
280, and 300 °C, respectively. Note that the peak intensity of the
(111) plane was significantly increased in the film grown at 280 °C.
Differences in crystallographic properties, such as crystallinity and
grain size, attributed to grain growth at increasing process tempera-
tures eventually affect the electrical properties of TiN.25–29

Figure S1 (Ref. 48) shows the XRR analysis results for the
25 nm thick TiN thin film at different deposition temperatures.
The thickness, roughness, and density of the TiN films were deter-
mined using XRR analysis. The thickness of the film showed an
error of approximately 5% from ellipsometer measurements, and
the surface roughness was approximately 1 nm higher than that
obtained using AFM. The density of the deposited TiN thin film is
summarized by comparing the theoretical bulk density (5.44 g/cm3)
with the sputter-deposited 100 nm thick TiN (5.05 g/cm3), as
shown in Fig. 4.6,30 In the 200–300 °C deposition temperature
range, the density exhibited a thin film density of 5.07–5.29 g/cm3.
As the deposition temperature increased, the film density increased
and a similar density of 5.2 g/cm3, on average, was observed in the
intermediate temperature range of 230–280 °C. The densest film of

5.29 g/cm3 is formed at 300 °C, which was attributed to the
increased crystallinity of the film and the growth of the (111)
facets, which is the densest facet, as confirmed by the XRD results.
The highest film densities were obtained for the TiN thin films,
indicating that the HCP-ALD process is capable of forming dense
films with a density of approximately 98% of the bulk
density.25,29,31–34 As the TiN film density increased, the electrical
resistivity and diffusion barrier properties improved.

Figures 5(a)–5(d) show the AFM results and root-mean-
square roughness (Rrms) of the as-deposited TiN thin films as a
function of deposition temperature. The Rrms values extracted from
the AFM analysis of 25 nm thick TiN thin films deposited at 200,
230, 250, 280, and 300 °C are shown in Fig. 5(d). The Rrms

decreased by approximately 24% from ∼1.5 nm at 200 °C to
∼1.14 nm at 300 °C with increasing deposition temperature.
Usually, grain growth during post-deposition annealing makes the
film rougher owing to the different grain growth rates along the
crystallographic direction. However, the coexistence of dense (111)
and (200) planes likely produced a smoother surface at elevated
temperatures. Cross-sectional TEM images of the TiN film grown
at 300 °C exhibited the uniform film formation and columnar
structures of the (111) and (200) planes, as shown in Figure S2.48

The decrease in Rrms of the thin film also affected the decrease in
the electrical resistivity of the thin film, which will be discussed
later when the electrical properties are explained.

C. Chemical properties of the TiN film

Figure 6 shows the results of analyzing the chemical state in
the thin film through AES depth profile analysis of TiN films.
The results for the 200–300 °C process conditions are shown in
Figs. 6(a)–6(e), and the averaged atomic-level concentrations of the
constituent elements are summarized in Fig. 6(f ). Here, film thick-
ness ranged from 20 to 30 nm, and different sputtering power con-
ditions were applied for each analysis. Accurate elemental
separation becomes difficult because of the overlap of the Auger
electron energies of Ti and N in the AES depth profile; therefore,

FIG. 3. X-ray diffraction patterns of TiN films as a function of deposition
temperature.

FIG. 4. Variation in the density of TiN films as a function of deposition tempera-
ture from x-ray reflectometry.
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for accurate film composition analysis, RBS analysis was subse-
quently performed. Moreover, the depth profiles of Ti and N+Ti in
the TiN films were similar regardless of the process conditions,
whereas C was present in 0.2–1 at. %, O in 1.5–2.87 at. %, and Cl
in 0.004–0.12 at. %. The lower amounts of C and O were attributed
to the HCP-ALD process, which facilitated the deposition of
nitride and non-oxide thin films. Low content of C and O could
have originated from the processing gas, substrate, and air expo-
sure. In particular, the small amount of Cl is attributed to the suffi-
cient ligand exchange at 200–300 °C during the HCP-ALD process,
which results in a high plasma density.25,32 Minor presence of Cl is
attributed to the re-adsorption of HCl byproducts.24 This obtained
state is a very low impurity concentration compared with ICP-ALD
TiN in Table S1,48 and the impurity concentration is expected to
be influenced more by the plasma generation device and plasma
process variables, such as plasma power and exposure time, which
affect the ion and radical conditions during the process, than by
the process temperature.10–12,15–21,25,32,33,35–39 ICP-ALD grown TiN
films had 0.5–1.9 at. % Cl in the films.29,31,35,39 Table S1 (Ref. 48)
shows that our TiN films had very low Cl impurity levels compared
to those from TiN films grown by ICP-ALD. The concentration of

Cl among the impurities tended to decrease with increasing deposi-
tion temperature, which was further analyzed using ToF-SIMS.

The concentration of impurities detected by the AES depth
profile was confirmed; however, a more precise comparison was
made using ToF-SIMS analysis, which had better sensitivity than
the AES depth profile. Figure 7 shows the ToF-SIMS analysis
results for the HCP-ALD TiN thin films deposited at 200, 250, and
300 °C, demonstrating the differences in the amounts of C, O, and
Cl impurities depending on the deposition temperature. The inten-
sity of C remained constant at approximately 250–300 counts
under all temperature conditions; therefore, the amount of C was
independent of the deposition temperature. Next, the intensity of O
gradually decreased in the order of approximately 17 500, 12 500,
and 8500 counts, as shown in Figs. 7(a)–7(c), respectively. The inten-
sity of Cl also decreased as the process temperature increased, in the
order of approximately 12 000, 7000, and 2500. The decreasing ten-
dency of Cl is attributed to the active occurrence of ligand exchange
reactions for film deposition as the deposition temperature of the
film increased, which reduced the amount of residual impurities in
the film and improved the film properties such as electrical resistivity
and film density.

FIG. 5. Atomic force microscope images of TiN films grown at (a) 200, (b) 250, (c) 300 °C, and (d) Rrms depending on deposition temperature.
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Figure 8 shows the XPS spectra of Ti 2p, N 1s, and O 1s in the
TiN thin films as a function of process temperature, indicating the
bonding state of TiN. Figures 8(a)–8(c) show the Ti 2p spectra of
TiN films grown at 200, 250, and 300 °C. Regardless of the process
temperature, Ti 2p3/2 was in the range of 455–460 eV and Ti 2p1/2
was in the range of 460–465 eV. Peak deconvolution revealed that
the TiN film was composed of Ti–N, Ti–O–N and the satellite
peaks of TiN. The primary Ti-N subpeak exhibits a binding
energy of 455 ± 0.5 eV and appears in the range of 455.0–
455.2 eV.13,32,40–43 Ti–O–N has a binding energy range of
456.2 ± 0.4 eV and appears in the range of 456.1–456.3 eV.29,37,44–47

Ti–O–N is attributed to oxidation from the surface through the
grain boundaries. The satellite peak was observed in the range of
457.2 ± 0.6 eV and appeared at 457.5–457.9 eV.13,32,40–43 The satel-
lite peak of TiN corresponds to stoichiometric TiNx with x > 0.8.40

Ti–O bonding should have evolved in the range of 458.4–459 eV
due to oxidation, but it was masked by the satellite peak of TiN.

Figures 8(d)–8(f) show the N 1s XPS spectra of TiN films
grown at 200, 250, and 300 °C. Peak deconvolution revealed that
the TiN film was composed primarily of Ti–N bonds with minimal
amounts of Ti–O–N and TiN satellite peaks, consistent with Ti 2p.
The peak position shifted to a higher binding energy with an

FIG. 6. Auger electron spectroscopy depth profiles of TiN films grown at (a) 200, (b) 230, (c) 250, (d) 280, (e) 300 °C, and (f ) averaged atomic concentration of C, O, and Cl.
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increase in the deposition temperature, indicating that stronger
bonds were formed at elevated temperatures. Figures 8(g)–8(i)
show the O 1s XPS spectra, where the subpeaks from Ti–O, Ti–O–N,
and absorbed OH are indicated by peak deconvolution. As mentioned
previously, the surface and grain boundaries of TiN could be the
primary sources of oxygen-related species. In situ XPS analysis of the
as-grown TiN film is required in this regard. XPS analysis of TiN thin

films grown at various temperatures showed that the film existed pri-
marily in the Ti–N state, regardless of the temperature, and it can be
predicted that a near-stoichiometric TiN thin film was formed based
on the occurrence of satellite peaks.

RBS analysis was performed on the TiN specimens deposited
at 300 °C, as there was no significant deviation in the process tem-
perature and chemical composition during the AES and XPS analy-
ses. Although it was difficult to determine the exact composition
ratio of Ti and N in the AES depth profile, observation of the satel-
lite peak during XPS analysis predicted that the deposited film was
near-stoichiometric TiNx with x > 0.8. In the RBS analysis, the Ti:N
ratio was confirmed to be 1:0.95, as shown in Figure S3,48 indicat-
ing that a TiN0.95 thin film was deposited, which is very close to
the stoichiometric ratio.

D. Electrical properties, step coverage, and Cu
diffusion barrier characteristics

One of the primary factors affecting the electrical resistivity of
thin films is the mean free path of electrons, which is related to
grain boundaries and surface scattering. In addition, impurities in
thin films can act as electron-scattering elements. The density of
the film was related to its electrical resistivity; as the density
increased, the electrical resistivity inversely decreased. This is likely
because scattering factors, such as voids and impurities in the film,
decrease as the film density increases.25–27,31–33,35,44

Figure 9 shows the electrical resistivity of TiN thin films
deposited using HCP-ALD as a function of the deposition tempera-
ture and film thickness. The electrical resistivity decreased with
increasing deposition temperature and film thickness, with the
lowest electrical resistivity of 132 μΩ cm observed for the 35 nm
thick film deposited at 300 °C. A resistivity of 200 μΩ cm has been
reported for a 100 nm thick TiN film deposited by sputtering and a
32 nm thick TiN film grown at 400 °C using ICP-ALD. A similar
or lower electrical resistivity was observed for the 35 nm TiN thin
film, regardless of the deposition temperature. Therefore, HCP-ALD
of TiN can achieve excellent electrical resistivity properties at lower
temperatures and thinner thicknesses than other processes.

The effect of the process temperature on the electrical resistivity
can be explained by grain growth and impurity concentration. As the
processing temperature increased, the electrical resistivity decreased,
which was likely attributed to the increase in the grain size and
decrease in the surface roughness of the polycrystalline TiN thin films.
Consequently, as the process temperature increases, the degree of
grain boundary scattering and surface scattering of electrons decreases,
resulting in an improvement in the electrical resistivity characteristics.
In addition, the film density increased as the process temperature
increased, and the electrical resistivity decreased because of an
improved density. A correlation was observed between the impurity
concentration and electrical resistivity; the decrease in the amount of
residual Cl with increasing process temperature, as confirmed by AES
and ToF-SIMS, contributed to the decrease in electrical resistivity.

Next, a trench pattern with a width of 80 nm and a height of
2.5 μm with an aspect ratio of 32:1 (Fig. S4)48 was used for the step
covering test in the HCP-ALD of TiN. The step coverage test was
performed at 200, 250, and 300 °C. Figures 10(a)–10(c) show the
sidewall and bottom step coverages observed using HR-SEM. It was

FIG. 7. Elemental depth profile of time-of-flight secondary ion mass spectro-
scopy analysis on TiN films grown at (a) 200, (b) 250, and (c) 300 °C.
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observed that the sidewall step coverage was 100% and the bottom
step coverage was 99% for the 200 °C process, whereas the sidewall
and bottom step coverages deposited at 250/300 °C were 100%/99%
and 100%/98%, respectively. This excellent step coverage indicates
that the HCP-ALD TiN process enables the formation of uniform
thin films on nanostructures with high aspect ratios.

Typically, the PEALD process is known to have poor step-
coverage characteristics compared to thermal ALD processes because
recombination-limited growth behavior was observed in the PEALD
process. Recombination-limited growth behavior implies that reac-
tant gases in the plasma impinge on the surface and react with
surface-adsorbed atoms and molecules, which are removed and no
longer contribute to the film growth. In particular, the step coverage
of the metallic thin films is lower because of the higher probability
of recombination on the metallic surface. Excellent step coverage
characteristics were obtained at an aspect ratio of 32:1. To improve
the step coverage property of the PEALD process, a high density of
radicals is injected to negate the recombination process, forming a

larger radical flux that can reach the depth direction of the trench
with a large aspect ratio and enhance the step-coverage property of
the deposited thin film. Because HCP is a plasma generator that uti-
lizes the hollow cathode effect to form a higher plasma density than
conventional plasma generators, it was predicted that HCP-ALD
TiN would have excellent step coverage characteristics. In addition,
in the process temperature range of 200–300 °C, all of them show
excellent step coverage characteristics, and thus, the step coverage is
not affected by temperature.

Finally, the Cu diffusion barrier properties of the HCP-ALD
TiN thin films were evaluated using TiN thin films deposited at
300 °C, which have high density and low electrical resistivity, and
are thus expected to have excellent Cu diffusion barrier properties.
Specimens for the Cu diffusion test were fabricated by depositing
approximately 10, 15, and 22 nm of HCP-ALD TiN on Si and SiO2

substrates at 300 °C, and depositing 100 nm of Cu by sputtering on
them. The specimens were subjected to vacuum RTA at 200, 400,
600, 700, and 800 °C for 30 min. Subsequently, the specimens on

FIG. 8. X-ray photoelectron spectroscopy spectra of TiN films deposited at 200, 250, and 300 °C, respectively. (a)–(c) Ti 2p, (d)–( f ) N 1s, and (g)–(i) O 1s.
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the SiO2 substrates were used for sheet resistance measurements,
whereas those on the Si substrates were used for XRD and SEM
analyses. Figure 11(a) shows the sheet resistance of the specimens
as a function of RTA temperature and TiN thickness. All of the

HCP-ALD grown TiN films showed a sharp increase in sheet resis-
tance after RTA at 700 °C, which can be attributed to the diffusion
of Cu atoms into the SiO2 or Si layer underneath, and the forma-
tion of Cu3Si with low conductivity, such that the Cu layer
becomes discontinuous and exhibits a higher resistance. Therefore,
the thin film of 10–22 nm thick TiN retains its anti-copper diffu-
sion property up to 600 °C. The formation of Cu3Si was confirmed
using XRD, as shown in Fig. 11(b). After the RTA at 600 °C, the
XRD pattern shows a crystalline peak of TiN, which can act as a
Cu diffusion barrier up to 600 °C. After RTA at 700 °C, the inten-
sity of the TiN phase decreased, but the Cu3Si phase emerged.
After RTA at 800 °C, the TiN phase almost completely disappeared
owing to the Cu diffusion.

The film thickness, density, and grain size are known to influ-
ence the properties of the Cu diffusion barrier. TiN thin films
grown using ICP-ALD were found to have failure temperatures of
617 °C for 5 nm and 600 °C for 31.8 nm.28,38 However, the anti-
diffusion property of the 5 nm thick film was evaluated at 617 °C
for only 2 s; therefore, it was difficult to directly compare it with
the 10 nm thick TiN film grown by HCP-ALD with the Cu anti-
diffusion property at 600 °C for 30 min. Therefore, the 10.3 nm
thick TiN film grown by HCP-ALD exhibited the same Cu diffu-
sion barrier properties as the 32 nm thick film grown by ICP-ALD
at the same temperature and time.27,29,33,36–38

FIG. 9. Resistivity of TiN films according to the deposition temperature and film
thickness.

FIG. 10. Cross-sectional transmission electron microscopy images of trench pattern with a 32:1 aspect ratio for TiN films deposited at (a) 200, (b) 250, and (c) 300 °C
(scale bar: 100 nm).
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IV. SUMMARY AND CONCLUSIONS

In this study, we investigated the properties of TiN thin films
deposited in the temperature range 200–300 °C using a novel
plasma source, the HCP-based ALD process. The effect of the
deposition temperature on the film properties was analyzed by
evaluating the crystallographic, physical, chemical, and electrical
properties of TiN films. The TiN thin film was polycrystalline
with an FCC crystal structure, and the intensity of the (111) peak,
which is the densest plane, increased with increasing deposition
temperature, consequently increasing the grain size. A near-
stoichiometric composition of TiN0.95 was formed with low variation
in Ti and N concentrations. Very low impurity concentrations of
C 0.32–1%, O 1.5–2.9%, and Cl 0.004–0.12% were found. These dif-
ferences as a function of the deposition temperature affected the film
density and electrical resistivity. As the deposition temperature
increased, the film density increased and the electrical resistivity
decreased. It was observed that a dense thin film was formed with a
value similar to the bulk density of 5.29 g/cm3 at 300 °C, and the
electrical resistivity was found to be 132 μΩ cm in the 32 nm thick
film deposited at 300 °C. High-quality TiN copper anti-diffusion
films with high density and excellent step coverage were fabricated

using an HCP-based PEALD process. This study explains a new
method for fabricating TiN films, which is helpful for the application
of high-quality TiN films as Cu diffusion barriers.
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