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High resistance of superconducting TiN thin films
against environmental attacks†

Zhangyuan Guo,‡ab Min Ge,‡c You-Qi Zhou,‡ad Jiachang Bi,*be Qinghua Zhang,f

Jiahui Zhang,b Jin-Tao Ye,d Rongjing Zhai,b Fangfang Ge,b Yuan Huang,g

Ruyi Zhang, b Xiong Yao,b Liang-Feng Huang *d and Yanwei Cao *be

Superconductors, an essential class of functional materials, hold a vital

position in both fundamental science and practical applications. How-

ever, most superconductors, including MgB2, Bi2Sr2CaCu2O8+d, and

FeSe, are highly sensitive to environmental attacks (such as from water

and moist air), hindering their wide applications. More importantly, the

surface physical and chemical processes of most superconductors in

various environments remain poorly understood. Here, we comprehen-

sively investigate the high resistance of superconducting titanium

nitride (TiN) epitaxial films against acid and alkali attacks. Unexpectedly,

despite immersion in acid and alkaline solutions for over 7 days, the

crystal structure and superconducting properties of TiN films remain

stable, as demonstrated by high-resolution X-ray diffraction, electrical

transport, atomic force microscopy, and scanning electron microscopy.

Furthermore, combining scanning transmission electron microscopy

analysis with density functional theory calculations revealed the corro-

sion mechanisms: acid corrosions lead to the creation of numerous

defects due to the substitution of Cl ions for N anions, whereas alkaline

environments significantly reduce the film thickness through the

stabilization of OH* adsorbates. Our results uncover the unexpected

stability and durability of superconducting materials against environ-

mental attacks, highlighting their potential for enhanced reliability and

longevity in diverse applications.

1 Introduction

Superconductors, a significant class of functional materials with
zero electrical resistance and the Meissner effect, play an essential

role in both fundamental science and practical applications. They
are employed in fields such as quantum computing, medical
imaging, communication, radar systems, particle accelerators,
and the development of highly efficient power grids and maglev
trains, revolutionizing technology and energy efficiency.1–5 In
various applications, the stability of superconductivity ensures
reliable and efficient performance. Generally, superconductors
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New concepts
Superconductors with zero resistance play a central role in both funda-
mental science and practical applications. However, most superconductors
are highly sensitive to environmental attacks, hindering their wide applica-
tions. Moreover, the surface physical and chemical processes of most
superconductors in various environments remain poorly understood. To
address the above challenges, we synthesized a series of single-crystalline
titanium nitride (TiN) films and immersed them in strong acid and alkali
solutions to investigate their surface physical and chemical processes.
Unexpectedly, single-crystalline TiN(111) films show superior corrosion
resistance compared to both polycrystalline TiN films and single-crystalline
TiN(001) films. For instance, despite immersion in acid and alkaline
solutions for over 7 days, the crystal structure and superconducting
properties of TiN films remain stable. Notably, the crystal and electronic
structures of infinite-layer nickelate, cuprate high-temperature, and two-
dimensional superconductors degraded rapidly in acidic and alkaline
environments. Furthermore, we revealed that acid corrosion can lead to
the creation of defects due to the substitution of Cl ions for N anions,
whereas an alkaline environment could significantly reduce the film
thickness through the stabilization of OH* adsorbates. Our results
highlight the unexpected stability and durability of superconducting TiN
films, offering potential benefits for their wide applications.
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are metals or compounds. On the one hand, most metal (alloy)
superconductors, such as Nb, Ta, and NbTi, are chemically stable,
yet a study of their superconductivity stability is lacking.6–10

On the other hand, most compound superconductors, such as
oxides, sulfides, and borides, particularly high-temperature super-
conductors, are unstable against environmental attacks.11–19 For
instance, the superconducting transition temperature of both the
copper oxide high-temperature superconductors Bi2Sr2CaCu2O8+d

and the nickelate superconductor Nd0.8Sr0.2NiO2 decreases signifi-
cantly when exposed to water.17,18 The intermetallic compound
superconductors Nb3Sn dissolve in NaCl solutions,20 and MgB2

decomposes when exposed to water.15,21 In the case of chalco-
genide superconductors, such as NbSe2, they are generally layered
and unstable in air.22 The high-temperature superconductor FeSe
can oxidize rapidly when exposed to air,23 and water has detrimental
effects on the iron-based superconductor Ba0.6K0.4Fe2As2.24

Meanwhile, considerable effort has been devoted to developing
environmentally stable chalcogenide superconductors.25,26 Hence,
it is crucial to investigate the surface physical and chemical
processes of superconductors in various environments to explore
the stability and durability of superconducting materials.

Among various superconducting materials, transition
metal nitrides are well-known for their physical and chemical
stability. Titanium nitride (TiN), a representative, has been
extensively used as a hard and anti-corrosion coating in harsh
environments due to its remarkable chemical, mechanical, and
thermal stability, as well as its wear-resistant properties.27–37

Moreover, its excellent electrical conductivity and CMOS com-
patibility have led to its widespread use in semiconductor
devices.38–42 Very recently, TiN was utilized as transparent
electrodes with resistance to acid and alkali, overcoming the
corrosion challenges of traditional transparent electrode

Fig. 1 (a) The schematic of the TiN crystal structure with a rock-salt symmetry (left panel) and the side view of the (111)-oriented TiN crystal structure
(right panel). (b) Photographs of the pristine TiN thin films (left panel) and a schematic of the TiN films immersed in HCl and KOH solutions (right panel).
(c) 2y � o scans around the (111) diffraction of pristine TiN films. (d) Rocking curve and (e) surface morphology of pristine TiN films. (f) HAADF-STEM
image of pristine TiN films at the atomic scale. (g) Temperature-dependent sheet resistance of pristine TiN films near the superconducting transition
temperature (Tc B 5.48 K).
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materials (e.g., indium tin oxide).41 Interestingly, TiN has
emerged as a promising material for superconducting quantum
computers due to its ultrahigh quality factors, long qubit cohe-
rence time, and high kinetic inductance.1,43–50 Its heteroepitaxy
with topological insulators (such as Bi2Se3) further increases the
potential of superconducting TiN for topological quantum
computing.51 However, currently, the resistance of superconduct-
ing single-crystalline TiN thin films against environmental attacks
remains poorly understood.

In this work, a series of single-crystalline TiN(111) films,
synthesized on a-Al2O3(0001) substrates by a homemade
magnetron sputtering epitaxy,52,53 were immersed in strong
acid and alkaline solutions to investigate the surface physical
and chemical processes. The high resistance of superconduct-
ing TiN thin films against environmental attacks was char-
acterized through high-resolution X-ray diffraction (XRD) and
electrical transport measurements. Atomic force microscopy
(AFM), scanning electron microscopy (SEM), and scanning
transmission electron microscopy (STEM) revealed remark-
ably different corrosion processes in acidic and alkaline
solutions. Furthermore, the corrosion mechanisms were
uncovered by combining STEM and density functional
theory (DFT) calculations. Our results uncover the microme-
chanism of superconducting TiN thin films against environ-
mental attacks.

2 Results and discussion

Fig. 1 shows the crystal structures of TiN(111) films. As seen in
Fig. 1(a), bulk TiN has a cubic rocksalt structure with a space group
of Fm%3m. Interestingly, the specific (111)-oriented TiN, consisting
of alternate Ti and N atomic layers (see Fig. 1(a)), enables the
high resistance to oxidation due to the fact that the exposure
of N atomic layers tends to inhibit oxygen adsorption.54

Importantly, single-crystalline TiN(111) films show more superior
corrosion resistance than both polycrystalline TiN films and
single-crystalline TiN(001) films, as shown in Fig. S1 and S2 (ESI†).
Therefore, to investigate the resistance of superconducting TiN
thin films against environmental attacks, high-quality TiN(111)
films with bright golden color (see Fig. 1(b)) were synthesized
on a-Al2O3(0001) substrates. As seen in Fig. 1(c), the 2y � o scans
show a dominant (111) diffraction peak without any detectable
secondary phase, indicating the epitaxial growth of TiN thin
films. Furthermore, the distinct thickness fringes in the 2y � o
scan (2y between 34 and 391, Fig. 1(c)), the narrow rocking curve
(B0.0251, Fig. 1(d)), and the small surface roughness (B0.145 nm,
Fig. 1(e)) all demonstrate the smooth surface morphology and high
quality of TiN thin films. Fig. 1(f) shows the HAADF-STEM image
of TiN thin films, displaying the crystal structures at the atomic
scale. As is seen, the TiN thin films are highly single-crystalline
with an atomically sharp interface between the film and the

Fig. 2 (a) 2y � o scans around the (111) diffraction peaks, and (b) temperature-dependent sheet resistances of pristine TiN films and TiN films immersed
in HCl for 2, 3, 4, 6, and 7 days, respectively. (c) The enlarged view of (b) around Tc.
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substrate, further verifying the high quality of the films. Moreover,
a sharp transition from the normal to superconducting states
presents at 5.48 K (see Fig. 1(g)). This transition temperature is
comparable to that of TiN films grown by plasma enhanced
molecular beam epitaxy (5.25–5.4 K)43,55 and is close to the
transition temperature of bulk TiN (Tc = 5.6 K).56,57 Both the high
Tc and sharp superconducting transition (B0.05 K, from 5.51 to
5.46 K) further confirm the high quality of TiN films.

To investigate the resistance of superconducting TiN films
in acid and alkaline environments, a series of high-quality
TiN(111) films were immersed in 1 mol L�1 HCl (pH B 1)
and 1 mol L�1 KOH (pH B 14), respectively. Fig. 2(a) shows the
evolution of the 2y � o scans around the (111) diffraction of
TiN films immersed in HCl for different durations (0, 2, 3, 4, 6,
and 7 days). As can be seen, the positions of the (111) diffrac-
tion peaks of the TiN films have no significant changes, even
after immersion for 7 days (2y is 36.6381, compared to 36.6181
for pristine TiN films), indicating the high stability of the
crystal structures of TiN films in a HCl environment. Despite
the single crystalline feature, the thickness fringes become
weaker with extended immersion time, indicating the increased
surface roughness of the films. Besides the crystal structures,
we also explore the evolution of the electronic structures.
Fig. 2(b) shows temperature-dependent sheet resistances of

TiN films immersed in HCl. As can be seen, the sheet resistance
of TiN films is almost unchanged, between 2.36 and 2.76 O,
when immersed in HCl for up to 4 days. However, the sheet
resistance gradually increases to 3.85 O after 6 days and to 4.77 O
after 7 days of immersion. The slightly increased sheet resistance
may be due to the increasing defects caused by HCl corrosion. It
is noteworthy that the Tc of TiN films immersed in HCl remains
almost unchanged or slightly decreases compared to pristine
TiN films, as shown in Fig. 2(c) and 4. The Tc of TiN films
immersed in HCl for 7 days (5.32 K) shows only a slight decrease
compared to pristine TiN films (5.48 K). The reduction in Tc can
be negligible, and the critical current density of TiN films
immersed in HCl for 6 days is close to that of pristine TiN films
(see Fig. S3, ESI†), indicating the high resistance of supercon-
ducting TiN films against acid corrosion.

In addition to acidic environments, next we study the resis-
tance of superconducting TiN films under alkaline conditions.
Fig. 3 shows the evolution of the crystal structure and super-
conductivity of films immersed in KOH. Similar to the results for
TiN films immersed in HCl, the positions of the (111) diffraction
peaks of the TiN films are also almost unchanged, while the
thickness fringes disappear with extended immersion time,
as shown in Fig. 3(a). These observations indicate that the single
crystalline feature of the TiN films survives during KOH

Fig. 3 (a) 2y � o scans around the (111) diffraction peaks, and (b) temperature-dependent sheet resistances of pristine TiN films and TiN films immersed
in KOH for 3, 6, 8, 9, and 10 days, respectively. (c) The enlarged view of (b) around Tc.

Communication Materials Horizons

Pu
bl

is
he

d 
on

 0
3 

O
kt

ob
er

 2
02

4.
 D

ow
nl

oa
de

d 
on

 0
3.

02
.2

6 
05

:1
0:

16
. 

View Article Online

https://doi.org/10.1039/d4mh00959b


5976 |  Mater. Horiz., 2024, 11, 5972–5982 This journal is © The Royal Society of Chemistry 2024

corrosion, whereas the flat surface was heavily destroyed. For the
electronic structures, the sheet resistance of TiN films immersed
in KOH remains nearly constant at approximately 2.6 O within
6 days. The slightly decreased sheet resistances of TiN films
immersed in KOH for 3 and 6 days can result from the individual
differences among pristine TiN films with the same growth
conditions (see Fig. S4, ESI†). However, the sheet resistance
begins to increase with further immersion, reaching 4.8 O after
8 and 9 days, and up to 6.7 O after 10 days. Regarding the special
interest in superconductivity, the superconductivity of TiN films
is robust even immersed in KOH for up to 9 days (Tc is 5.36 K),
as shown in Fig. 3(c) and 4. After 10 days of immersion, the Tc

slightly decreases to 4.94 K, and the critical current density of
TiN films immersed in KOH for 9 days also shows a slight
decrease compared to pristine TiN films (see Fig. S3, ESI†). Thus,
the superconducting properties of TiN are robust in both acidic
and alkaline environments.

In contrast to TiN, the crystal and electronic structures of
infinite-layer nickelate and cuprate high-temperature supercon-
ductors are sensitive to acidic and alkaline environments.12,17,19

As shown in Fig. 4, the La0.8Sr0.2NiO2 films lose their super-
conductivity rapidly when immersed in acidic solutions, and the
same phenomenon presents after 3 hours in an alkaline environ-
ment. Additionally, Bi2Sr2CaCu2O8+d flakes can be quickly etched
in acidic and alkaline solutions,17 and both HCl and NaOH
environments can damage YBa2Cu3O7�d.

12 Meanwhile, despite
extensive efforts to grow stable two-dimensional transition metal
selenides, the Tc of stable NbSe2 still decreases within 30 minutes
(see Fig. 4).25 Furthermore, the two-dimensional superconduct-
ing AuSn4 crystals can corrode in diluted hydrochloric acid.58

Remarkably, the TiN films retain their excellent superconducting

properties even after immersion in acidic or alkaline environ-
ments for over 7 days.

To understand the surface corrosion processes of super-
conducting TiN films in acidic and alkaline environments, the
evolution of the surface morphology and roughness of TiN
films immersed in HCl and KOH for various durations were
investigated. Surprisingly, immersion in HCl solution had a
negligible effect on the macroscopic morphology of the TiN
films, as is evident in the photographs in Fig. 5. These films
retained their bright golden color even after 7 days of exposure.
The microscopic morphology of TiN films changed with the
extension of immersion time in HCl, as shown in Fig. 5(a–e). As
can be seen, the root mean square (RMS) roughness of TiN
films immersed in HCl increased, yet the surface is nano flat,
with all values below 3 nm (see Fig. 5(a–e) and (k)). In contrast,
the TiN films showed significant corrosion in KOH solution,
which becomes worse with extended immersion time (see the
photographs in Fig. 5). However, all the TiN films remained
remarkably stable on the Al2O3 substrates. Additionally, the
corrosion was more pronounced at the center of the samples
than at the edges. As the immersion time in KOH was extended,
the surface morphology of TiN films became notably rougher
(see Fig. 5(f–j) and (k)), with the RSM roughness reaching up to
26 nm after 10 days of immersion (see Fig. 5(j)). This increase in
roughness is consistent with the disappearance of thickness
fringes in Fig. 2(a) and 3(a). Therefore, although superconduct-
ing TiN films resist both acid and alkali corrosion, the corro-
sion processes are totally different. Alkaline solutions cause
more heavy corrosion of the surface morphology of TiN films,
as shown in Fig. 5(k). Meanwhile, the surface morphology of
TiN films on Al2O3 substrates was characterized using SEM.
As seen in Fig. S5 (ESI†), the pristine TiN films show a smooth,
homogeneous surface morphology with triangular features,
consistent with the features of the AFM images of the films
(see Fig. 1(e)). However, after being immersed in HCl and KOH
solutions, a worm-like homogeneous morphology emerged (see
Fig. S5, ESI†). Over time, the surface textures became more
pronounced, indicating increased surface roughness.

To uncover the corrosion processes of superconducting TiN
films from the surface to the interior in acidic and alkaline
environments, the atomic scale crystal structures of TiN films
were characterized using high-resolution STEM. Fig. 6(a) shows
the HAADF-STEM images and energy-dispersive X-ray (EDX)
mappings of TiN films on Al2O3 substrates immersed in HCl for
7 days. The images reveal minimal chlorine (Cl) infiltration,
with the interface of the TiN films and the Al2O3 substrates
remaining atomically sharp and free of atomic interdiffusion
across the interface. Interestingly, the oxygen content within
the film is very low, indicating that acid corrosion did not lead
to significant oxidation. Additionally, the film thickness, which
is uniformly within 80 nm, remains unaffected by acid corro-
sion. A distinct brighter region, approximately 30 nm thick,
appears in the TiN films, as shown in Fig. 6(a), possibly due to
HCl corrosion. This phenomenon is also observed in TiN films
immersed in HCl for 6 days (Fig. S6, ESI†), with the thickness of
the brighter region comparable to that of the films after 7 days

Fig. 4 The Tc summary of TiN films, La0.8Sr0.2NiO2 films,19 and NbSe2

films25 in acidic and alkaline environments.
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of immersion (Fig. S6, ESI†). The interface between the brighter
and darker regions of TiN films is relatively sharp. An enlarged
view of the brighter region, shown in Fig. 6(b), reveals numerous
defects, yet the films maintain atomic resolution. In contrast, the
TiN films near the Al2O3 substrate retain atomic resolution and
well-defined characteristics, as seen in Fig. 6(c), demonstrating
the high quality of the TiN films. The HAADF-STEM images and
EDX mappings of TiN films immersed in HCl for 6 days (Fig. S7,
ESI†) show results consistent with those of films immersed for
7 days. Therefore, acidic corrosion of TiN films results in
significant surface defects without noticeable oxidation, while
maintaining high quality within the interior of the films.

For TiN films in KOH solution, there is almost no potassium
(K) element detected even after immersion in KOH for 10 days,
as shown in the HAADF-STEM images and EDX mappings in
Fig. 7(a). Meanwhile, the oxygen concentration in the film area
is also very low, indicating no significant oxidation, similar
to the films immersed in HCl solution. Interestingly, a notable

difference in the corrosion process of TiN films in KOH
compared to HCl was the significant decrease in the thickness
of the TiN film in KOH. The brighter mountain-shaped area in
Fig. 7(a) is the TiN film, which has a thickness ranging from
20 to 45 nm, consistent with the large roughness shown in
Fig. 5(j). Despite the decrease in thickness, the region of the
TiN films remains at atomic resolution and well-defined,
although with some defects (see Fig. 7(b) and (c)). Meanwhile,
the interface between the TiN film and the Al2O3 substrate also
remains atomically sharp (see Fig. 7(c)). Thus, alkali corrosion
can significantly reduce the thickness of the TiN film, leading
to pronounced morphological fluctuations, while the TiN film
area maintained high crystal quality.

The above experimental characterization has shown that the
microscopic corrosion behaviors of TiN(111) films are remark-
ably different in acid and alkaline solutions: (1) in the 1 mol L�1

HCl solution, the structural integrity of the upper part of
TiN(111) film (about 30 nm in Fig. 6(a) and Fig. S7, ESI†) is

Fig. 5 AFM and photographs of TiN films immersed in HCl ((a)–(e), for 2, 3, 4, 6, and 7 days) and KOH ((f)–(j), for 3, 6, 8, 9, and 10 days) solutions. (k) The
root mean square roughness of TiN films immersed in HCl and KOH solutions.
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degraded by the gradual inward diffusion of defects created on
the surface; (2) in the 1 mol L�1 KOH solution, the upper part of
TiN(111) film is gradually eroded away by the oxidative alkaline

medium (see Fig. 7(a)), with the left part sustaining the intact
lattice structure and superconductivity. To reveal these corro-
sion mechanisms from an atomistic perspective, we used

Fig. 6 (a) HAADF-STEM image of TiN films on Al2O3 substrates immersed in HCl for 7 days, combined with the EDX mapping of Cl, Ti, N, Al, and O.
(b) Enlargement of the brighter area as depicted in (a). (c) Atomic-resolution image of the TiN film at the interface of the film and the substrate as depicted
in (a).

Fig. 7 (a) HAADF-STEM image of TiN films on Al2O3 substrates immersed in KOH for 10 days, combined with the EDX mapping of K, Ti, N, Al, and O elements.
(b) Enlargement of the top area as depicted in (a). (c) Atomic-resolution image of TiN films at the interface of the film and the substrate as depicted in (a).
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density-functional theory (DFT) to calculate the electrochemical
reactivity of TiN(111) surface in these solutions, for which the
detailed DFT parameters and theoretical formula are provided
in the ESI.†

In 1 mol L�1 HCl solution, according to the widely estab-
lished corrosion theory,59,60 the promoting effect of corrosive
Cl� ion on the creation of structural defects is always the key
mechanism. This is consistent with both the ingression of Cl�

into TiN(111) films and the degraded structural integrity after
acid corrosion, as observed in our experiment (see Fig. 6 and
Fig. S7, ESI†). The atomic-structure models considered for the
adsorption and substitution behaviors of Cl� are shown in
Fig. 8(a), and in the latter, the replaced N anion is considered to
escape through release as the N2 gas or dissolution into the
solution as the NO3 � ion. Our DFT results show that the
adsorption of Cl� requires an energy barrier of 1.0 eV; however,
when Cl� succeeds in substituting a surface N anion, both
reaction paths are exothermic (see Fig. 8(b)). Thus, the some-
what repulsed adsorption of Cl� ions explains the outstanding
corrosion resistance of TiN(111) films as observed in our
experiment, while the exothermic defect creation by Cl� ion
is responsible for the gradual degraded structural integrity.
In 1 mol L�1 KOH (pH B 14), the adsorption of oxidative
substances (i.e., O* and OH* adsorbates) will play the key role

in the electrochemical stability of the TiN(111) surface. Accord-
ing to the calculated pH-dependent adsorption free energies for
O* and OH* (see Fig. 8(c) and (d)), it can be seen that OH* is
more preferred to O*, and these oxidative adsorbates are more
stabilized at higher pH values. According to the experimentally
observed presence of O impurity in TiN(111) films (see
Fig. 7(a)), the effect of O doping on surface adsorption is
calculated and found to considerably stabilize the adsorption
of OH*, making it exothermic under alkaline conditions
(see Fig. 8(d)). It is well known in the corrosion field that it is
the exothermic adsorption of OH* that leads to the formation
of soluble hydroxides, e.g., Ti(OH)4, Al(OH)3, Cr(OH)3, and
Ni(OH)2,60–62 on various alloys. Thus, the stabilized OH* here
can explain the alkaline erosion of TiN(111) surface observed
here (see Fig. 7).

3 Conclusions

In conclusion, we have systematically investigated the high
resistance of superconducting TiN films against acid and alkali
corrosion environments. Surprisingly, the superconducting
properties of TiN films remained robust even after immersion
in these environments for over 7 days. However, the surface

Fig. 8 (a) Atomic structural models for TiN(111) surface with Cl adsorbate and substituent. (b) The relative free energies between pristine, adsorbed,
and substituted TiN(111) surfaces under acidic conditions. (c) and (d) The adsorption free energy of O* and OH* on both pristine and O-doped
TiN(111) surfaces.
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roughness of the TiN films increased with extended immersion
time. Furthermore, combining STEM analysis with DFT calcu-
lations revealed the corrosion mechanisms: acid corrosion
causes numerous defects in the film due to exothermic defect
creation by Cl ions substituting the N anion, while alkaline
corrosion significantly reduces the film thickness resulting
from stabilized OH* adsorbates. Despite these surface changes,
the interior of the films maintained high crystal quality, leading
to their superconducting stability. Our results highlight
the unexpected stability and durability of superconducting
TiN films, offering potential benefits for their applications in
advanced electronics.

4 Experimental details

High-quality TiN(111) films (B80 nm) were synthesized on
a-Al2O3(0001) single crystal substrates (5 � 5 � 0.5 mm3) using
a home-made magnetron sputtering epitaxy system using
2-inch Ti (purity of 99.995%) target and N2 (purity of 99.999%)
reactive gas.52,53 The base vacuum pressure of this sputtering
system is B3 � 10�8 Torr. During growth, the N2 pressure was
kept at 0.02 Torr with a gas flow of 6.4 sccm, and the substrate
temperature was held at 1100 1C. The power of the RF generator
was 100 W. After growth, the samples were cooled down to room
temperature at 25 1C per minute in a 0.02 Torr N2 atmosphere.

The crystal structures of TiN films were characterized by
using a high-resolution XRD diffractometer (Bruker D8 Discover)
with a Cu Ka source (l = 1.5405 Å). The surface morphology of
TiN films was characterized by atomic force microscopy (Bruker
Dimension Icon) and scanning electron microscopy (Thermo
scientific Verios G4 UC) at room temperature. The atomic-scale
HAADF-STEM images and EDX spectroscopy measurements
were collected using an ARM200CF (JEOL, Tokyo, Japan) trans-
mission electron microscope and a Themis Z Double spherical
aberration corrected transmission electron microscope. The
electrical transport was determined by using a quantum design
physical property measurement system (PPMS) in van der Pauw
geometry. The width of the TiN films is around 0.5 mm for I–V
measurements.

5 DFT parameters

The DFT calculations are performed using the Quantum
ESPRESSO code package.63 The Perdew–Burke–Ernzerhof
functional in the generalized gradient approximation is used
to describe the electronic exchange and correlation.64 The
projector augmented wave method65 is used to express the
electronic wave functions and potentials. The cutoff energies
for the wave functions and charge densities are 60 and 600 Ry,
respectively. The energetic convergence threshold is 10�6 Ry.
The Brillouin zones of the periodic slab models of N-terminated
TiN(111) are sampled by using a Monkhorst–Pack grid of
3� 3 � 1.66 The surfaces of TiN(111) are modeled by using
the lattice slab having 7 atomic layers, with the lateral size of
4 � 4 times of the hexagonal lattice vectors. Thus, the TiN(111)

slab has a thickness of B9.6 Å and a lateral dimension of
11.8 � 11.8 Å2, with the total atomic number of 112. The neighbor-
ing slab images are separated by a vacuum spacing of B15 Å that
can effectively exclude any inter-slab interaction. To simulate the
effect of water solution on the surface properties, an implicit
solvation model is considered here, i.e., the self-consistent con-
tinuum solvation model.67 The van der Waals force68 is also
considered for the adsorption processes on the surface.
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J. Gao, D. W. Abraham, J. M. Chow, J. M. Gambetta,
M. B. Rothwell, G. A. Keefe, M. Steffen and D. P. Pappas,
Appl. Phys. Lett., 2013, 103, 012602.

46 A. Shearrow, G. Koolstra, S. J. Whiteley, N. Earnest,
P. S. Barry, F. J. Heremans, D. D. Awschalom, E. Shirokoff
and D. I. Schuster, Appl. Phys. Lett., 2018, 113, 212601.

47 A. Melville, G. Calusine, W. Woods, K. Serniak, E. Golden,
B. M. Niedzielski, D. K. Kim, A. Sevi, J. L. Yoder, E. A. Dauler
and W. D. Oliver, Appl. Phys. Lett., 2020, 117, 124004.

48 R. Gao, W. Yu, H. Deng, H.-S. Ku, Z. Li, M. Wang, X. Miao,
Y. Lin and C. Deng, Phys. Rev. Mater., 2022, 6, 036202.

49 R. Gao, H.-S. Ku, H. Deng, W. Yu, T. Xia, F. Wu, Z. Song,
M. Wang, X. Miao, C. Zhang, Y. Lin, Y. Shi, H.-H. Zhao and
C. Deng, Adv. Mater., 2022, 34, 2201268.

50 H. Deng, Z. Song, R. Gao, T. Xia, F. Bao, X. Jiang, H.-S. Ku,
Z. Li, X. Ma, J. Qin, H. Sun, C. Tang, T. Wang, F. Wu, W. Yu,
G. Zhang, X. Zhang, J. Zhou, X. Zhu, Y. Shi, H.-H. Zhao and
C. Deng, Phys. Rev. Appl., 2023, 19, 024013.

Communication Materials Horizons

Pu
bl

is
he

d 
on

 0
3 

O
kt

ob
er

 2
02

4.
 D

ow
nl

oa
de

d 
on

 0
3.

02
.2

6 
05

:1
0:

16
. 

View Article Online

https://doi.org/10.1039/d4mh00959b


5982 |  Mater. Horiz., 2024, 11, 5972–5982 This journal is © The Royal Society of Chemistry 2024

51 R. Xie, M. Ge, S. Xiao, J. Zhang, J. Bi, X. Yuan, H. T. Yi,
B. Wang, S. Oh, Y. Cao and X. Yao, ACS Appl. Mater.
Interfaces, 2024, 16, 34386–34392.

52 J. Bi, R. Zhang, S. Peng, J. Sun, X. Wang, W. Chen, L. Wu,
J. Gao, H. Cao and Y. Cao, Phys. Rev. Mater., 2021, 5, 075201.

53 J. Bi, Y. Lin, Q. Zhang, Z. Liu, Z. Zhang, R. Zhang, X. Yao,
G. Chen, H. Liu, Y. Huang, Y. Sun, H. Zhang, Z. Sun, S. Xiao
and Y. Cao, Nano Lett., 2024, 24, 7451–7457.

54 R. Zhang, Q.-Y. Ma, H. Liu, T.-Y. Sun, J. Bi, Y. Song, S. Peng,
L. Liang, J. Gao, H. Cao, L.-F. Huang and Y. Cao, ACS
Photonics, 2021, 8, 847–856.

55 C. J. K. Richardson, A. Alexander, C. G. Weddle, B. Arey and
M. Olszta, J. Appl. Phys., 2020, 127, 235302.

56 B. T. Matthias, T. H. Geballe and V. B. Compton, Rev. Mod.
Phys., 1963, 35, 1–22.

57 G. F. Hardy and J. K. Hulm, Phys. Rev., 1954, 93, 1004–1016.
58 D. Shen, C. N. Kuo, T. W. Yang, I. N. Chen, C. S. Lue and

L. M. Wang, Commun. Mater., 2020, 1, 56.
59 V. Maurice and P. Marcus, Prog. Mater. Sci., 2018, 95,

132–171.
60 L.-F. Huang, J. R. Scully and J. M. Rondinelli, Annu. Rev.

Mater. Res., 2019, 49, 53–77.

61 L.-F. Huang and J. M. Rondinelli, npj Mater. Degrad., 2019,
3, 26.

62 L.-F. Huang, Y. Xie, K. Sieradzki and J. M. Rondinelli, npj
Mater. Degrad., 2023, 7, 94.

63 P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car,
C. Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococcioni,
I. Dabo, A. Dal Corso, S. de Gironcoli, S. Fabris, G. Fratesi,
R. Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj, M. Lazzeri,
L. Martin-Samos, N. Marzari, F. Mauri, R. Mazzarello, S. Paolini,
A. Pasquarello, L. Paulatto, C. Sbraccia, S. Scandolo,
G. Sclauzero, A. P. Seitsonen, A. Smogunov, P. Umari and
R. M. Wentzcovitch, J. Phys.: Condens. Matter, 2009, 21, 395502.

64 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1997, 77, 3865–3868.
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