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Abstract
Titanium nitride (TiN) presents superior electrical conductivity with mechanical and chemical stability and compatibility with 
the semiconductor fabrication process. Here, we fabricated epitaxial and polycrystalline TiN (111) thin films on MgO (111), 
sapphire (001), and mica substrates at 640℃ and room temperature by using a DC sputtering, respectively. The epitaxial films 
show less amount of surface oxidation than the polycrystalline ones grown at room temperature. The epitaxial films show 
drastically reduced resistivity (~ 30 micro-ohm-cm), much smaller than the polycrystalline films. Temperature-dependent 
resistivity measurements show a nearly monotonic temperature slope down to low temperature. These results demonstrate 
that high-temperature growth of TiN thin films leads to significant enhancement of electrical conductivity, promising for 
durable and scalable electrode applications.

Keywords  TiN · Epitaxial film · Electrode material · Electrical conductivity · DC sputtering

1  Introduction

Metallic thin films have played essential roles for elec-
trodes and channels in metal–oxide–semiconductor field 
effect transistors [1, 2], metal–insulator-metal capacitors 
[3], neuromorphic devices [4], solar cells [5], and electro-
chemical devices [6]. Scaling semiconductor devices with 
a length scale of a few nanometers requests the advance-
ment of metallic compounds or searches for novel material 
candidates [7, 8]. The candidates include elemental metals 
(Cu, Ni) [2, 9], metal nitrides (TiN, VN, NbN) [10–12], 

metal-oxides (SrRuO3, LaNiO3) [13–17], metal-chalcoge-
nides [18–21], and MXenes [7, 22]. The reduced dimensions 
of metal films result in increased resistance, the so-called 
“size effect”. Therefore, thin metal films with low resistivity 
are needed for practical application in advanced semicon-
ductor devices.

Titanium nitride (TiN) is a widely used electrode mate-
rial with exciting properties, such as transparent metallicity 
[10], plasmonic property [23], and superconductivity [24]. 
It has been widely studied primarily due to high-tempera-
ture stability, atomistic diffusion barrier, and semiconductor 
compatibility. Many attempts have been made to modify the 
electrical conductivity of TiN layers with several different 
approaches, such as chemical substitution [25], partial oxi-
dation [5], or epitaxial growth [10, 23, 24]. It is increas-
ingly essential to control the interfaces between the TiN 
layer and the adjacent dielectric layer since the interface’s 
crystal orientations or oxidation states influence the device's 
performance. Significantly, the first principles simulations 
predicted that the TiN (111) surface orientation plays a criti-
cal role in determining the enormous value of work func-
tion and the most oxidation resistance among other surface 
orientations of TiN [26]. Although several previous studies 
on tuning the TiN electrode layers, it is still necessary to 
examine the influence of surface orientation and crystalline 
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quality for improving electrical conductivity and interface 
characteristics. For obtaining TiN thin films, many different 
growth methods, such as sputtering [24], molecular beam 
epitaxy [23], pulsed laser deposition [27], and atomic layer 
deposition [28], are employed.

Here, we present a systematic study of TiN thin films 
on MgO (111), Al2O3 (001), and mica substrates at both 
640℃ and room temperature (25℃). High-resolution X-ray 
diffraction (HRXRD) measurements show distinct crystal-
line quality between the growth temperatures. X-ray pho-
toemission spectroscopy (XPS) data also show changes in 
surface oxidation states. Temperature-dependent resistivity 
measurements finally demonstrate the impact of crystalline 
quality on electrical resistivity.

2 � Experiment

TiN thin films were directly grown on MgO (111), Al2O3 
(001), and mica substrates by using a DC sputtering 
(Korea Vacuum Tech., Korea) using a 2-in. titanium tar-
get (99.999%) and pure nitrogen gas (99.999%). The base 
pressure of the deposition chamber was 6 × 10–8 Torr. The 
deposition pressure was maintained at 2.5 mTorr with Ar 
(12 sccm) and N2 (1.5 sccm) gases. To obtain the uniform 
deposition of the films, the sample holder was rotated at 
7 rpm during growth. During growth, the substrate tempera-
ture was held at 640 ℃ and 25 ℃, and the DC power was set 
at 300 W. To obtain uniform deposition, the three kinds of 
substrates were placed on the sample holder simultaneously.

High-resolution X-ray diffraction (HRXRD, Bruker Dis-
cover D8) measurements were used for analyzing the crystal 

phases. Both theta-2theta and grazing-incidence measure-
ments were carried out for epitaxial and polycrystalline 
films, respectively. X-ray photoemission spectroscopy (XPS) 
was measured with a monochromatic Al Kα source (Thermo 
Fisher Scientific, Nexsa) without any further surface prepa-
ration. The electrical resistivity was obtained as a function 
of temperature using a closed-cycle cryostat (Seongwoo 
Instruments, 4 K closed-cycle refrigerator). Measurements 
were carried out in the van der Pauw geometry with square 
samples (5 mm × 5 mm) and indium Ohmic contacts in the 
sample corners. The four-terminal resistance was measured 
using a current source (6220, Keithley Inc.) and a nanovolt-
meter (2182, Keithley Inc).

3 � Results and discussion

In Fig. 1, we examined the crystalline states of the TiN 
thin films from the HRXRD measurements. When grown 
at 640 ℃, all TiN films show both (111) and (222) peaks 
on MgO (111), Al2O3 (001), and mica substrates. The 
inset of Fig. 1a shows that the TiN (111) peaks (indicated 
by asterisks) locate at 36.6°–36.7°, similar to the lattice 
parameter of previous TiN thin films (36.8°) [10, 23]. We 
note that the small peak (indicated by an arrow in the inset) 
between the TiN (111) and MgO (111) is due to thickness 
oscillation from the smooth film surface and bottom inter-
face. Figure 1b shows the normalized rocking curves of the 
TiN (111) peaks. The different full-width half maximum 
(FWHM) peaks indicate that the TiN film is better aligned 
on the Al2O3 substrates (0.04°) than on the MgO (1.29°) 
and mica (0.4°). The narrow width of TiN/Al2O3 (001) is 

Fig. 1   Crystal structure analysis 
of TiN thin films. a Theta-
2theta measurements of the 
films grown at both 640 ℃ and 
25 ℃. The inset compares the 
TiN (111) peak positions. There 
are small thickness fringes near 
the TiN (111) peak. b Rock-
ing curves of TiN (111) peaks 
for the epitaxial films grown 
at 640 ℃. c Grazing-incidence 
XRD curves of polycrystal-
line TiN films grown at room 
temperature
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smaller than those of previously reported TiN/Al2O3 (0.22°) 
[23]. It is also interesting that TiN film is also well (111)-ori-
ented on the flexible mica substrate [24]. Considering lattice 
parameter differences between TiN and the substrates, MgO 
(0.684%), Al2O3 (6.43%), mica (13.3%), we speculate that 
TiN films may grow on both Al2O3 and mica substrates with 
nearly strain-relaxed state and show their lattice parameters 
slightly closer to the bulk value compared to the lattice of 
TiN on MgO. On the MgO substrates, however, we note that 
TiN film grows with a compressive strain state. Therefore, 
the broad rocking curve of TiN/MgO (111) indicates that 
a large fraction of TiN films is misaligned from the (111) 
orientation due to strain distribution inside the films.

On the other hand, when grown at room temperature, 
the TiN films show no diffraction peaks in the theta-
2theta geometry. Instead, grazing incidence (GI)-XRD 
data (Fig. 1c) shows small peaks corresponding to the TiN 
phases. These minor peaks indicate that the room tempera-
ture sputtering gives rise to the formation of polycrystal-
line TiN phases. We note that the TiN/mica shows weaker 
peaks compared to the other two samples grown at room 
temperature. Therefore, we prepared epitaxial (111)-oriented 
and polycrystalline TiN thin films by simply tuning growth 
temperature. In addition, we estimated the film thicknesses 
to be ~ 80 nm and ~ 120 nm for the epitaxial and polycrys-
talline films from the x-ray reflectivity measurements (not 
shown), respectively.

To analyze the surface stoichiometry, we performed XPS 
measurements (Fig. 2). We first note that all the TiN films 
show some surface oxidation due to air exposure. Figure 2a 
shows Ti 2p peaks comprised of TiN, TiO2, and TiOxNy 
bondings. Notably, the epitaxial films show well-separated 
peaks at 455 eV, corresponding to the TiN bonding. How-
ever, the polycrystalline films show suppression of TiN peak 
along with enhancement of TiOxNy contributions. Due to 
variation of oxygen and nitrogen stoichiometry, the TiOxNy 
peak is spread over a wide energy range, while the TiO2 peak 
is well defined for all the samples.

Figure 2b shows N 1 s peaks constituted with TiN and 
TiOxNy bondings. The nitrogen peaks correspond to the 
nitrogen bonded to the N-Ti-N or O-Ti-N form. All films 
show a strong TiN peak, while the amount of weak TiOxNy 
peak depends on the growth conditions. The epitaxial films 
show smaller oxynitride peaks for all substrates. Ti 2p and N 
1 s peaks indicate that the epitaxial films experience weaker 
oxidation at their surface region. As we discussed earlier 
the XRD data, we note that a significant number of tilted 
domains may also be present at the surface region of TiN/
MgO, at which further oxidations are proceeded afterward 
in ambient exposure. This may explain the weakened TiN 
peak intensity at 455 eV (Fig. 2a) and the enhanced TiOxNy 
peak at ~ 396 eV (Fig. 2b).

It is worth noting that TiN (111) has the highest work 
function compared to other crystal orientations making TiN 
(111) the most stable surface orientation as theoretically pre-
dicted [26]. Therefore, polycrystalline surfaces may experi-
ence more surface oxidation due to mixed surface crystal ter-
minations and grain boundaries. Such differences in surface 
oxidation states and work function at the metal surfaces may 
influence metal-dielectrics interface properties. [29]

We then analyzed temperature-dependent electrical resis-
tivity for the different TiN films. At first glance, all samples 
show monotonic temperature dependence with a small posi-
tive gradient, implying metallic character with some amount 
of scattering centers. Another feature is that the epitaxial 
films show much smaller resistivity (25 ~ 35 micro-ohm-cm) 
than the polycrystalline ones. The polycrystalline films show 
a considerable variation of resistivity depending on the sub-
strates, MgO (150 micro-ohm-cm), Al2O3 (200 micro-ohm-
cm), and mica (1500 micro-ohm-cm). It is reminded that 
the TiN/mica sample shows slightly weaker peak intensities 
in the GI-XRD data compared to the other two substrates. 
We speculate that the TiN/mica grown at RT might have 
either a smaller volume of crystalline grains or smaller size 
distribution of grains, which further increases the electrical 
resistivity. Therefore, these results indicate that the resistiv-
ity of TiN films largely depends on the growth conditions, 
crystallinity, and substrates.

We compared such a large variation of electrical properties 
of TiN films with other metallic electrode materials as a func-
tion of film thicknesses, as shown in Fig. 3b. The elemental 
metal films, such as Cu, Ir, and W, show very low resistivities 
over a wide thickness range [30–32]. But as the films become 
thinner than 20 nm, the resistivity sharply increases due to 
the size effect. On the other hand, MXene V2AlC thin films 
maintain its resistivity value low, even down to 5 nm. [7] Co-
thin films show relatively large value even for large thicknesses 
[33]. TiN thin films show a large variation of resistivity values 
depending on the growing methods, i.e., MBE (15 micro-ohm-
cm for 40 nm), sputter (17 micro-ohm-cm for 120 nm), and 
ALD (750 ~ 3000 micro-ohm-cm) [10, 24, 34]. Compared to 

Fig. 2   XPS analysis of TiN thin films with (a) Ti 2p and (b) N 1  s 
states. TiN and TiO2 phases show well-defined peaks, whereas inter-
mediate TiOxNy phases show broad features
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the other metal thin films, the large resistivity gap between the 
epitaxial and polycrystalline TiN films implies that the perfor-
mances of many electrical devices may be improved or modi-
fied by modifying the electrical properties of their electrode 
materials [35]. Finally, such significant variation of resistivity 
with crystallinity control in metal films could be helpful for a 
wide range of applications, such as wiring for semiconductor 
devices [1, 3, 36], neuromorphic switching devices [37, 38], 
electrochemical electrodes [39], solar cell electrodes [5], and 
superconducting quantum electronics. [12, 24]

4 � Conclusion

TiN thin films were grown on different substrates by DC sput-
tering. As the growth temperature was elevated to 640 ℃, the 
electrical resistivity was drastically reduced compared to their 
room temperature counterparts. At 640 ℃, TiN thin films were 
epitaxially grown with the (111) orientation on MgO (111), 
Al2O3 (001), and mica substrates. The TiN (111) thin film 
on Al2O3 shows the narrowest rocking curve peak. TiN thin 
films were grown with polycrystalline states at room tempera-
ture regardless of substrates. The epitaxial (111)-oriented TiN 
films experience surface oxidation, but less oxidation occurs 
compared to the polycrystalline counterparts. Our observation 
suggests an alternative approach to tuning the electrical and 
crystalline properties of TiN thin films for various electrical 
conductor applications.
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