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Synthesis and Electron-Beam Evaporation of Gadolinium-Doped Ceria Thin Films
Reprinted from: Coatings 2022, 12, 747, doi:10.3390/coatings12060747 . . . . . . . . . . . . . . . . 129

Jin-Ji Dai, Cheng-Wei Liu, Ssu-Kuan Wu, Sa-Hoang Huynh, Jhen-Gang Jiang,

Sui-An Yen, et al.

Improving Transport Properties of GaN-Based HEMT on Si (111) by Controlling SiH4 Flow Rate
of the SiNx Nano- Mask
Reprinted from: Coatings 2021, 11, 16, doi:10.3390/coatings11010016 . . . . . . . . . . . . . . . . . 145

Ngo Ngoc Uyen, Le Thi Cam Tuyen, Le Trung Hieu, Thi Thu Tram Nguyen,

Huynh Phuong Thao, Tho Chau Minh Vinh Do, et al.

TiO2 Nanowires on TiO2 Nanotubes Arrays (TNWs/TNAs) Decorated with Au Nanoparticles
and Au Nanorods for Efficient Photoelectrochemical Water Splitting and Photocatalytic
Degradation of Methylene Blue
Reprinted from: Coatings 2022, 12, 1957, doi:10.3390/coatings12121957 . . . . . . . . . . . . . . . 155

Tomas Sabirovas, Simonas Ramanavicius, Arnas Naujokaitis, Gediminas Niaura

and Arunas Jagminas

Design and Characterization of Nanostructured Titanium Monoxide Films Decorated with
Polyaniline Species
Reprinted from: Coatings 2022, 12, 1615, doi:10.3390/coatings12111615 . . . . . . . . . . . . . . . 171

Hou-Guang Chen, Yung-Hui Shih, Huei-Sen Wang, Sheng-Rui Jian, Tzu-Yi Yang

and Shu-Chien Chuang

Van der Waals Epitaxial Growth of ZnO Films on Mica Substrates in Low-Temperature Aqueous
Solution
Reprinted from: Coatings 2022, 12, 706, doi:10.3390/coatings12050706 . . . . . . . . . . . . . . . . 183

William Vallejo, Carlos Diaz-Uribe and Cesar Quiñones
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Preface

At present, many innovative technologies are strongly dependent on thin films. The

development of thin film deposition technologies enables the fabrication of various thin-film

materials with enhanced desired properties by controlling key processing conditions for a wide

variety of applications in electronics (e.g., HEMT devices), energies (e.g., solar cells and fuel cells),

optoelectronics (e.g., photodetectors, LCD/TFT), spintronics, biomedical sensors, and photocatalytic

water treatment, etc.

This Special Issue contains 18 original papers, representing recent advances in thin film

growth and characterizations toward enhancing the film’s functional properties and applications.

Various thin film growth methods such as pulsed laser deposition, sputtering, electron-beam

evaporation, chemical vapor deposition, anodization, etc., are employed to develop a wide range

of thin film materials (i.e., Bi1−xGdxFeO3, Bi2Te3, Bi2Se3, NdNiO3, Ti-B-N, Bi–FeNi, p-CuInOx,

Sb0.14GaN, Zr-based metallic glass, GaN, TiO2, ZnO, Zn(O;OH)S, carbon nanotube, etc.). The

studied thin films were developed by controlling the key deposition conditions, doping or

surface/interface engineering. The studied properties of the thin films included structures,

morphologies, compositions, (nano)mechanical properties (e.g., hardness, Young’s modulus, pop-in

phenomena, surface energy), multiferroics, photoconductivity, electrical conductivity, optical

giant magnetoresistance, photoelectrochemical water splitting, photocatalytic and electrocatalytic

activities. This series of publications provides a fundamental understanding of thin film growths

and the film’s resulting properties for some applications.

We are pleased to introduce this Special Issue to all interested readers and hope that this reprint

book will serve as valuable support for students, engineers and researchers in the field of thin film

technology to obtain new ideas for further developments with great significance and impact from

both scientific and applicative/industrial points of view. We wish you a pleasant read.

Finally, we would like to acknowledge all the contributing authors for submitting their papers

to the Special Issue “Recent Advances in the Growth and Characterizations of Thin Films”, to all

the reviewers, supporting editors and the staff members of Coatings, in particular, Ms. Flora Ao (the

Section Managing Editor), for their excellent work and great assistance.

Sheng-Rui Jian and Phuoc Huu Le

Editors
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Abstract: In this work, we adopted pulsed laser deposition (PLD) with a Nd:YAG laser to develop
Bi1−xGdxFeO3 (BGFO) films on glass substrates. The phase composition, microstructure, ferro-
electric, magnetic, and nanomechanical properties of BGFO films are studied. BGFO films with
x = 0.00–0.15 were confirmed to mainly consist of the perovskite phase. The structure is transformed
from rhombohedral for x = 0.00 to pseudo-cubic for x = 0.05–0.10, and an additional phase, or-
thorhombic, is coexisted for x = 0.15. With increasing Gd content, the microstructure and surface
morphology analysis shows a gradual decrease in crystallite size and surface roughness. The hard-
ness of 5.9–8.3 GPa, measured by nanoindentor, is mainly dominated by crystallized structure and
grain size. Good ferroelectric properties are found for BGFO films with x = 0.00–0.15, where the
largest remanent polarization (2Pr) of 133.5 μC/cm2 is achieved for x = 0.10, related to low leakage
and high BGFO(110) texture. The improved magnetic properties with the significant enhancement of
saturation magnetization from 4.9 emu/cm3 for x = 0 to 23.9 emu/cm3 for x = 0.15 by Gd substitution
is found and related to large magnetic moment of Gd3+ and suppressed spiral spin structure of
G-type antiferromagnetism. Furthermore, we also discuss the mechanisms of leakage behavior as
well as nanomechanical characterizations as a function of the Gd content.

Keywords: multiferroics; Gd-doped BFO; nanomechanical properties; microstructure

1. Introduction

BiFeO3 (BFO), recognized as a room-temperature (RT) multiferroic (MF) material,
has two main ferro-ordering parameters, including ferroelectricity (FE) at temperature (T)
below 830 ◦C [1] and antiferromagnetism (AF) at T below 370 ◦C [2]. However, it exhibits
weak ferromagnetism at RT due to antisymmetric exchange or the Dzyaloshinskii–Moriya
interaction [3]. Because of the exceptional FE properties, multiferroic nature, potential
magnetoelectric (ME) coupling, and lead-free character, the single-phase MF BFO has
received considerable attention last decade. The above properties present the potential
applications in non-volatile ferroelectric data storage, the emerging area of spintronics, and
ME sensors.

High FE appears in BFO due to the presence of stereo-chemically active Bi3+ ions
with 6s lone pair electrons. Li et al. [4] reported that the epitaxial pseudo-cubic BFO(001)
thin films, grown on SrRuO3/SrTiO3 (100) substrates by a pulse laser deposition (PLD),
exhibit a surprisingly large remnant polarization (2Pr) response of up to 2Pr~120 μC/cm2,
which is one order of magnitude higher than that of bulk BFO (~6.1 μC/cm2) at that

Coatings 2021, 11, 900. https://doi.org/10.3390/coatings11080900 https://www.mdpi.com/journal/coatings
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time [5]. Shvartsman et al. [6] showed that large FE polarization ~40 μC/cm2 was attained
in ceramic BFO, polycrystalline, and epitaxial films. The above results indicate that larger
polarization comes from the intrinsic nature of BFO, which could also be supported by
the first-principles calculations [7]. On the other hand, the magnetic nature of BFO is
a G-type AF order, where Fe3+ ions are surrounded by six neighboring Fe3+ ions with
spin antiparallel to the central ion [8]. However, BFO exhibits weak FM properties due
to the spiral magnetic spin cycloid. Therefore, the cross-coupling between these ferroic
parameters in BFO is weak and is poorly understood due to weak FM.

Although FE properties are prominent, the major drawbacks for the BFO-related
devices are high leakage, a tendency towards fatigue [9], and weak FM. Ion modification
with rare-earth cations has been demonstrated to be a successful method for the reduc-
tion in leakage and the improvement of magnetic properties at once [10]. FE and FM
enhancements were also found in A-doped BFO ceramics and films (A = Sm, La, Pr, Gd,
Dy, and Ca), due to the suppressed oxygen vacancies in BFO caused by the proper A
substitution [11–14]. Among rare earth elements, Gd has higher exchange interaction and
large magnetic moment [15]. Gd addition into BFO ceramics could improve FE and FM
properties [16], but the MF properties are too low for practical applications up to now.
Although the investigations related to A-site-doped BFO were reported, Gd-doped BFO
thin films are still lacking. Besides, it is desirable and important to understand mechanical
properties of the films, since most practical applications of functional devices are fabricated
with thin films.

Therefore, Bi1−xGdxFeO3 (x = 0.00, 0.05, 0.10, and 0.15) (BGFO) polycrystalline films
are prepared on the glass substrates by pulsed laser deposition in this work. A systematic
investigation of the structural evolution, surface morphology, microstructure, leakage
mechanisms, ferroelectric, and magnetic properties of BGFO films is reported.

2. Experiment

The solid-state reaction method was used to prepare Bi1−xGdxFeO3 targets
(x = 0.00–0.15), as described elsewhere [17]. A PLD method was employed to deposit
BGFO thin films on Pt buffered Corning’s code 1737 glass substrates. A 20-nm-thick Pt
layer was grown on a glass substrate as a bottom electrode by sputtering with a power
of 60 W within Ar atmosphere of 10 mTorr at RT. A pulsed Nd:YAG laser with a laser
wavelength of 355 nm was used to deposit 300-nm-thick BGFO films on the Pt layer at a
substrate temperature of 300–500 ◦C and an O2 pressure of 30 mTorr. Pulsed laser energy
of 2.5 mJ with a repetition rate of 5 Hz was used for BGFO deposition.

The chemical composition of the BGFO thin films was determined using X-ray fluores-
cence analysis, and double-checked by an energy-dispersive X-ray spectroscopy analysis.
X-ray diffractometry (XRD; PANalytical X’Pert PRO, Almelo, The Netherlands) with cup-
per Kα radiation was used to determine the phase and crystallographic orientations. The
XRD pattern was refined and structural parameters were determined using the High-
Score Plus version 3.0 software. The inorganic crystal structure database was used to
infer pseudo-cubic (space group: Pm3m), rhombohedral (space group: R3c), orthorhombic
(space group: Pnma), and orthorhombic Bi2Fe4O9 (space group: Pbam) structures [18–21].
The surface and grain morphologies were observed by atomic force microscopy (AFM;
Force Genie AFM, Taiwan, China). The microstructure was directly observed by trans-
mission electron microscopy (TEM; JEOL JEM-2100, Tokyo, Japan). Sputtering was used
to deposit a circular-shaped Pt layer with a diameter of 200 μm as a top electrode for
following ferroelectric measurements. FE behavior and leakage test were analyzed using
an TF-2000 Analyzer FE-Module ferroelectric test device (axiACCT Co., Aachen, Germany).
Magnetization–magnetic field (M-H) curves of BGFO films were measured using a vibrating
sample magnetometer.

2



Coatings 2021, 11, 900

The nanomechanical properties of BGFO films were measured using a nanoindenter
with a Berkovich tip, and the hardness was defined as the applied indentation load divided
by the projected contact area as follows:

H =
Pmax

Ap
(1)

where Ap is the projected contact area between the indenter and the sample surface at the
maximum indentation load, Pmax. For a perfectly sharp Berkovich indenter, the projected
area Ap was given by Ap = 24.56hc

2 with hc being the true contact depth. In general, the
indentation depth should never exceed 30% of the film thickness to avoid the substrate
effect on hardness measurements [22].

3. Results and Discussion

At first, the phase composition of BGFO films (x = 0.00–0.15) at 400 ◦C is analyzed
and the XRD patterns are shown in Figure 1. A strong Pt(111) diffraction peak found in
all samples reveals a flat and well-crystallized Pt(111) underlayer, which could help to
grow following BGFO films. The BFO film consists of a rhombohedral structure, R3c space
group, and no other phase is detected. For Gd substitution for Bi in BGFO films, the phase
transformation is observed. When x is increased from 0 to 0.05, BFO(104) and BFO(110)
peaks merge into a single peak of BGFO(110). It indicates that the rhombohedral structure
is transformed into a pseudo-cubic structure with Gd substitution, in good accordance
with previous literature [23]. With increasing x from 0.05 to 0.10, the texture of pseudo-
cubic structure changes from isotropic orientation to (110). For the sample with a higher
x = 0.15, the orthorhombic structure with a space group of Pnma is found to coexist with
the pseudo-cubic structure. The presence of the orthorhombic phase for higher Gd content
is consistent with the result of BGFO bulks [24]. Additionally, the shift of diffraction peaks
for the perovskite phase toward a higher angle with the increase in Gd content x in Figure 1
reveals the entry of substituted Gd3+ ion into the perovskite BGFO phase to occupy A site
due to smaller ionic radius of Gd3+ than Bi3+.

Figure 1. XRD patterns of Bi1−xGdxFeO3 (x = 0.00, 0.05, 0.10, and 0.15) films.

TEM images of Bi1−xGdxFeO3 with x = 0.00, 0.05, 0.10, and 0.15 are shown in
Figure 2a–d. The average grain size, estimated through Image J software, is refined from 63
to 26 nm when Gd content x is increased from 0.00 to 0.15. The size distribution of the grains
is also analyzed, and the distribution histograms by fitting with Gaussian distribution are

3
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shown in Figure 2e–h. The singlet distribution for x = 0.00–0.10 and dual size distribution
for x = 0.15 are found. When x is increased from 0.00 to 0.10, the size and distribution of the
grain becomes gradually small and narrow, shown in Figure 2e–g. As x is further increased
to 0.15, there are two distributions for grain size in Figure 2h. According to XRD analysis,
smaller grains belong to the orthorhombic phase for the sample with x = 0.15. Change in
grain size with Gd substitution and the content x might be related to the evolution and
texture of the structure.

 

Figure 2. TEM images of Bi1−xGdxFeO3 films: (a) x = 0.00, (b) 0.05, (c) 0.10, and (d) 0.15. Grain size
distribution of the films: (e) x = 0, (f) 0.05, (g) 0.10, and (h) 0.15.
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AFM is used to observe the surface morphology and their AFM images are shown
in Figure 3. Flat surface with the root-mean-square-roughness (Rrms) in the range of
6.7–13.4 nm is found. Rrms is decreased from 13.4 to 6.7 nm as x is increased from 0.00 to
0.15. The flattened surface with Gd substitution is possibly related to grain refinement,
shown in Figure 2.

 

Figure 3. AFM images of Bi1−xGdxFeO3 films: (a) x = 0.00, (b) 0.05, (c) 0.10, and (d) 0.15.

For Bi1−xGdxFeO3 films with x = 0.00, 0.05, 0.10, and 0.15 films, polarization electric
(P-E) field curves are shown in Figure 4a–d. All films exhibit a typical FE behavior with
good FE properties. With increasing x, the remanent polarization (2Pr) increases from
41 μC/cm2 for x = 0.00 to 72 μC/cm2 for x = 0.05, and 2Pr enhancement may be due
to the suppressed vacancies [25]. As x is increased to 0.10, 2Pr further increases up to a
maximum value of 120 μC/cm2, related to the texture transformation, form isotropy to
(110). Finally, 2Pr decreases to 38 μC/cm2 for higher Gd content of x = 0.15, related to the
appearance of the paraelectric orthorhombic phase. On the other hand, with increasing
Gd content, the coercive field (Ec) monotonically decreases from 320 kV/cm for x = 0.00
to 248 kV/cm for x = 0.15. The reduction in Ec with x may result from two facts: phase
transformation and grain refinement, which decrease the energy barrier for the switching
of FE polarization [26].

Figure 5a plots the leakage current density (J) versus the external electric field (E)
for Bi1−xGdxFeO3 films. Large J is found for BFO film, which might be related to the
existence of oxygen vacancies and rougher interfaces. For Gd-substituted films, a dramatic
decrease in more than one order of magnitude in leakage is found. The suppressed leakage,
possibly related to phase transformation and flattened surface, improves FE properties.
However, due to the appearance of the paraelectric orthorhombic phase, the FE properties
is decreased even though the leakage is further reduced at x = 0.15 in this study.

5
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Figure 4. P-E curves of Bi1−xGdxFeO3 films: (a) x = 0.00, (b) 0.05, (c) 0.10, and (d) 0.15.

Figure 5. (a) Leakage current density and (b) leakage mechanism of Bi1−xGdxFeO3 (x = 0.00, 0.05,
0.10, and 0.15) films.
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In order to further understand the leakage mechanisms of this studied films, five
conduction mechanisms adopted to fit are as follows [27,28]:

For Ohmic Conduction

JOhmic = nqμE ⇒ log(J) ∝ log(E), (2)

where n is the number of charge carriers, q is the electronic charge, and μ is the carrier mobility.
For Space Charge Limited Conduction (SCLC)

JSCLC =
9μεE2

8d
⇒ log(J) ∝ 2log(E) (3)

where ε is the dielectric constant, and d is the film thickness.
For Poole–Frenkel Emission (PF)

JPF = AEexp

⎡
⎣−q

⎛
⎝ ϕT −

√
qE

πεrεo

kT

⎞
⎠
⎤
⎦ ⇒ log

(
J
E

)
∝

√
q3

4πεrεo

kT
E

1
2 (4)

where A is a constant, ϕT is the trap ionization energy, εr is the dynamic (or optical)
dielectric permittivity, εo is the permittivity of free space, k is the Boltzmann constant and
T is the thermodynamic temperature.

For Schottky Emission

JSchottky = BT2exp

⎡
⎣−q

⎛
⎝ ϕB −

√
qE

4πεrεo

kT

⎞
⎠
⎤
⎦ ⇒ log(J) ∝

√
q3

4πεrεo

kT
E

1
2 (5)

where B is a constant, and ϕB is the interface potential barrier.
For Fowler–Nordheim (FN) Tunneling

JFN = C
E2

ϕB

[
D
E

ϕ
3
2
B

]
⇒ log

(
J

E2

)
∝

1
E

(6)

where C is a constant.
The analyses will make assess if the leakage current follows Ohmic, SCLC, Schottky,

PF emission, or FN tunneling, as described in Equations (2)–(6). Whether εr, obtained from
the slopes, is within the range of 6.25–9.61 [29] for the developed BFO films is adopted to
determine the mechanism dominated by Schottky or PF emission.

The fitting results and the evolution of leakage mechanism with E are summarized
in Figure 5b. For all samples, Ohmic mechanism dominates at low E, and PF mechanism,
which electrons can thermally emit into the conduction band from trapping centers, governs
at larger E. In addition to Ohmic and PF mechanisms, SCLC mechanism is also found for
BFO film, but disappears for BGFO films. The disappearance of the SCLC mechanism
with Gd substitution, which may be a result of the reduced oxygen vacancy, is helpful in
improving FE properties. Besides, for higher Gd content, FN tunneling occurs at larger
E. FN tunneling currents which generally occur in the relatively insulating situation, for
instance, from a solid surface into a vacuum or any weakly conducting dielectric. In this
case, the exhibited FN tunneling mechanism proves the improved insulating ability with
Gd substitution.

Especially near the morphotropic phase boundaries (MPBs), the structure in BFO
could be easily affected by external electric field, stress, and growth temperature [30]. To
optimize the FE characteristics and to explore the relationship between structures and
growth temperature, structure and FE properties of the films with x = 0.10 at various
growth temperatures (Tg) in range of 300–500 ◦C are also studied. XRD patterns are shown
in Figure 6. At lower Tg, no diffraction peak belonging to the perovskite structure is found
because heat energy is too low to form the perovskite phase. With increasing Tg from 350
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to 450 ◦C, the peaks belonging to pseudo-cubic structure appear to become stronger, and
besides, the orientation of crystal is changed from almost isotropy to BGFO(110) texture.
At higher Tg = 500 ◦C, the texture of BGFO films is changed to (001), and an extra weak
peak, belonging to the Bi2Fe4O9 phase, appears possibly related to the volatilization of Bi
at higher Tg. For the film grown at Tg = 500 ◦C, (110) and (002) diffraction peaks are split
into (110), (121)o, (002)o and (002), (202)o, (040)o, respectively, where (121)o, (002)o, (202)o,
and (040)o belong to the diffraction peaks of the orthorhombic phase. The appearance and
coexistence of the orthorhombic phase for BGFO with x = 0.10 at higher Tg is consistent
with phase diagram reported in the previous research of Kan et al. [30].

Figure 6. XRD patterns of Bi0.9Gd0.1FeO3 (Tg = 300, 350, 400, 450, and 500 ◦C) films.

For Bi0.9Gd0.1FeO3 films with Tg = 350–500 ◦C, electrical polarization electric (P-E)
field curves are shown in Figure 7a–d. At lower Tg, = 300 ◦C, no FE behavior is found due to
the absence of the perovskite phase. Good P-E properties are attained at Tg, = 350–500 ◦C.
As Tg is increased from 350 to 500 ◦C, 2Pr is increased from 69.6 μC/cm2 at Tg = 350 ◦C
to a maximum 2Pr = 133.5 μC/cm2 at Tg = 450 ◦C, and finally decreased to 58.8 μC/cm2

at Tg = 500 ◦C. The improved FE properties with increasing Tg is related to the promoted
crystallinity and texture constitution, and importantly, the highest 2Pr could be mainly
attributed to BGFO (110) texture at 450 ◦C. At higher Tg = 500 ◦C, due to low breakdown
voltage caused by high leakage, the saturation hysteresis curve cannot be obtained.

The curves of the leakage current density (J) versus the external electric field (E) of
Bi0.9Gd0.1FeO3 films at Tg = 350–500 ◦C are shown in Figure 8. Low leakage, observed for
BGFO at Tg = 350–500 ◦C, contributes to good FE properties. The slight increase in leakage
with increasing Tg is presumably related to texture evolution, and the appearance of 2:4:9
phase at higher Tg = 500 ◦C.

8
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Figure 7. P-E curves of Bi0.9Gd0.1FeO3 films: (a) Tg = 350 ◦C, (b) 400 ◦C, (c) 450 ◦C, and (d) 500 ◦C.

Figure 8. Leakage current density of Bi0.9Gd0.1FeO3 (Tg = 350, 400, 450, and 500 ◦C) films.

Additionally, the magnetic properties of Bi1−xGdxFeO3 films are investigated, too.
Their M-H curves are depicted in Figure 9. All BGFO films exhibit ferromagnetic behavior
and exhibit enhanced magnetic properties. The saturation magnetization (Ms) increases
dramatically from 4.9 to 23.9 emu/cm3, but the magnetic coercive field (Hc) drops from 502
to 350 Oe as the Gd content increases from 0.00 to 0.15. The magnetization enhancement
due to Gd substitution is presumably related to the distorted Fe-O-Fe bond, influencing
the Fe-O-Fe exchange way, and the magnetic moment of Gd3+ ion [31].

9
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Figure 9. M-H curves of Bi1−xGdxFeO3 (x = 0.00, 0.05, 0.10, and 0.15) films.

The curves of hardness versus load penetration depth are illustrated in Figure 10a.
Above a depth of 120 nm, the hardness of all samples reduces to a constant value. Generally,
the relatively high hardness at a small depth results from the transition from fully elastic
to elastic/plastic contact. The hardness subsequently decreases to a stable value. At this
stage, the hardness value obtained is considered to be the inherent hardness for BGFO
films. The hardness is therefore determined based on average values of hardness at depths
of 60 to 90 nm. This range of penetration depth was chosen intentionally to be deep enough
for observing plastic deformation during indentation, yet shallow enough to avoid the
complications arising from the effects of surface roughness [22] and substrate [32]. With
increasing Gd content, the hardness increases from 5.9 GPa for x = 0.00 to 8.3 GPa for
x = 0.10, and then decreases to 8.0 GPa for x = 0.15. The change in hardness with x might
be related to the phase and texture constitutions and grain refinement. With increasing
x from 0.00 to 0.05, the denser pseudo-cubic structure forms and replaces rhombohedral,
where the densities of rhombohedral and pseudo-cubic structure, estimated from XRD,
are 8.33 and 8.47 g/cm3, respectively. With further increasing x to 0.10, the change in
texture for pseudo-cubic structure from isotropy to (110) might also help the increase in
hardness. In addition to evolutions of the phase and texture, grain size refinement with
x, demonstrating the grain boundary’s effectiveness in impeding dislocation movement,
also contributes to hardness enhancement. When x is further increased to 0.15, the slight
decrease in hardness might be related to the presence of the orthorhombic phase.

MF and mechanical characteristics of the Gd-doped BFO bulks and films, which
have been developed up to now [33–37], are listed in Table 1. First of all, BGFO bulks
exhibit poor ferroelectric and weak ferromagnetic properties. Besides, the significant
improvement in ferroelectric properties is found for BGFO polycrystalline films, especially
for Bi0.95Gd0.05FeO3 with the increased 2Pr of 90 μC/cm2 [36]. In general, simultaneously
improving ferroelectric and ferromagnetic properties is extremely difficult. In this study,
BGFO films deposited on the refined Pt(111) underlayer at the reduced temperature of
400–450 ◦C show superior FE and FM properties. Furthermore, 2Pr of 133.5 μC/cm2 and
Ms of 19.1 emu/cm3 attained for the Bi0.9Gd0.1FeO3 thin film suggests that Gd-substituted
BFO thin films on a Pt electrode buffered glass substrate at a low deposition temperature
become a useful multiferroic material.
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Figure 10. (a) Hardness versus depth curves and (b) Hardness versus grain size −1/2 of
Bi1−xGdxFeO3 films.
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Table 1. Comparison of the developed Gd-doped BFO bulks and films: the multiferroic and nanomechanical characteristics.

Composition Sample Form
2Pr

(μC/cm2)
Ec

(kV/cm)
Ms

(emu/cm3)
Hc

(kOe)
Hardness

(GPa)
Ref.

0.05 Bulk 25.6 107.0 ~0.13 1.5 - [33]
0.15 Bulk - - ~1.4 ~5.0 - [23]
0.10 Bulk 15 50 0.05 ~2.0 - [34]

0.10 Polycrystalline
Films 72.6 196.5 - - - [35]

0.05 Polycrystalline
Films ~90 ~300 - - - [36]

0.10 Polycrystalline
Films 80 5.0 8.33 <10.0 - [37]

0.05
Polycrystalline

Films

71.5 289.6 11.6 502 7.5
This work0.10 133.5 275.6 19.1 395 8.3

0.15 34.7 247.5 23.9 350 8.0

4. Conclusions

The effects of Gd content on the structure, microstructure, MF, and nanomechanical
properties of BGFO thin films deposited by PLD on 20-nm-thick Pt underlayer buffered
glass substrates at reduced substrate temperatures of 400–450 ◦C were reported in this work.
The perovskite phase in BGFO films with x = 0.00–0.15 was verified. The phase transition
from a rhombohedral for x = 0.00 to a pseudo-cubic for x = 0.05–0.10, and an additional
orthorhombic phase for higher x = 0.15 was found. The surface roughness and grain size of
BGFO decreased as the Gd content increases. The hardness of BGFO thin films ranged from
5.9 to 8.3 GPa, and nanomechanical properties were strongly dependent on the phase and
texture constitutions and grain size. Furthermore, it was found that microstructure, surface
morphology, and Gd content all have a strong influence on ferroelectric properties. For
BGFO films with x = 0.05–0.15, ferroelectric properties improved to 2Pr = 72–133.5 C/cm2

and Ec of 248–312 kV/m, possibly because of the suppressed leakage current which resulted
from the suppressed oxygen vacancy, the flattened interface, and microstructure refinement.
The enhanced Ms of 11.6–23.9 emu/cm3 seen in BGFO films due to Gd substitution was
caused by the magnetic moment of the Gd3+ ion and distortion of the Fe-O-Fe bond angle.
This study indicates that Gd-substituted BFO thin films on a Pt electrode buffered glass
substrate at the reduced deposition temperature may be a useful multiferroic material.
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Abstract: The correlations among microstructure, surface morphology, hardness, and elastic mod-
ulus of Bi2Te3 thin films deposited on c-plane sapphire substrates by pulsed laser deposition are
investigated. X-ray diffraction (XRD) and transmission electron microscopy are used to characterize
the microstructures of the Bi2Te3 thin films. The XRD analyses revealed that the Bi2Te3 thin films
were highly (00l)-oriented and exhibited progressively improved crystallinity when the substrate
temperature (TS) increased. The hardness and elastic modulus of the Bi2Te3 thin films determined
by nanoindentation operated with the continuous contact stiffness measurement (CSM) mode are
both substantially larger than those reported for bulk samples, albeit both decrease monotonically
with increasing crystallite size and follow the Hall—Petch relation closely. Moreover, the Berkovich
nanoindentation-induced crack exhibited trans-granular cracking behaviors for all films investigated.
The fracture toughness was significantly higher for films deposited at the lower TS; meanwhile,
the fracture energy was almost the same when the crystallite size was suppressed, which indicated
a prominent role of grain boundary in governing the deformation characteristics of the present
Bi2Te3 films.

Keywords: Bi2Te3 thin films; XRD; SEM; nanoindentation; pop-in; hardness

1. Introduction

Bismuth telluride, Bi2Te3, is a 3D topological insulator and an excellent thermoelectric
(TE) material that works well at room temperature [1,2]. TE materials are of interest for heat
pump and power generator applications. The performance of TE materials is quantified
by a dimensionless figure of merit (ZT), expressed as ZT = S2σT/κ, where S, σ, κ, and
T are the Seebeck coefficient, electrical conductivity, thermal conductivity, and absolute
temperature, respectively. Generally, thin films can be fabricated by various methods, such
as aerosol-assisted chemical vapor deposition [3,4], dip-coating [5], pulsed laser deposition
(PLD) [6], etc. PLD offers advantages such as a higher instantaneous deposition rate,
relatively high reproducibility, and low costs.
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In addition to improving the properties of TE materials, mechanical characterizations
are of critical importance when the reliability of TE devices is concerned [2,7,8]. For
example, the performances of TE devices can be significantly degraded due to contact
loading during operation. In addition, inhomogeneous thermal expansion may occur
in TE generators because they are regularly subjected to the cyclic temperature gradient
during processing. Consequently, the inhomogeneous thermal expansion/contraction
induces repetitive expansion/shrinkage and the corresponding stress/strain in TE materials
to possibly cause fatigue cracking, performance degradation, and even failure of the
TE generators. Therefore, it is important to have a comprehensive understanding of
the mechanical properties of TE materials (i.e., Bi2Te3) to provide vital information for
fabricating efficient and endurable Bi2Te3-based devices.

Nanoindentation has become a widely used technique for extracting prominent me-
chanical properties, namely the hardness and elastic modulus, as well as to unveil the
dislocation-mediated plastic deformation and the fracture behaviors of a wide variety
of nanostructures [9–11] and oxide thin films [12–14]. The relationship between the mi-
crostructure and nanomechanical characterizations of the Bi2Te3/Al2O3 (001) thin films
deposited at the various TS by means of PLD is systematically investigated in this study.
Al2O3 (001) is used because it is an insulating–popular substrate and has moderate lattice
mismatch between Bi2Te3 and Al2O3 (8.7%). It is found that TS evidently introduces drastic
modification in the film’s microstructure, crystallinity, and crystallite size, which in turn
manipulates the mechanical characterizations, such as hardness, elastic modulus, fracture
toughness, and fracture energy of the Bi2Te3 films.

2. Materials and Methods

In this study, a 99.99%-pure tellurium-excessive target (Bi2Te8) was used to deposit
the Bi2Te3 films on Al2O3 (001) substrates by PLD. The reason for choosing the tellurium-
excessive target was to overcome the issues of high-doping carriers in the Te-deficient
non-stoichiometric Bi2Te3 phase as well as to avoid the formation of unwanted phases. A
KrF excimer pulsed laser was used to ablate the target. The energy density and repetition
rate of the laser pulses were 5.7 J/cm2 and 10 Hz, respectively. The vacuum chamber
was evacuated to a base pressure of 2 × 10−6 Torr. Prior to loading into the chamber,
the Al2O3 (001) substrates with a size of 4 mm × 4 mm were sequentially ultrasonically
cleaned in acetone, methanol, and deionized water baths for 30 min. Then, helium gas was
introduced into the chamber, with the pressure being maintained at 200 mTorr throughout
the entire deposition process. The number of laser pulses was 15,000, and the film thickness
was 1154–1428 nm. The substrate temperature (TS) was controlled at 225 ◦C, 250 ◦C, and
300 ◦C. We selected these Ts because they were known as the suitable temperatures for
growing high-quality Bi2Te3 films with excellent thermoelectric properties [6].

The crystal structure of the Bi2Te3 thin films was determined by X-ray diffraction
(XRD; Bruker D2, Billerica, MA, USA) using Cu Kα radiation (wavelength of 1.5406 Å) in
the θ–2θ configuration. The surface morphology and thickness of the films were examined
using a field-emission scanning electron microscope (SEM, JEOL JSM-6500, Pleasanton,
CA, USA) at an applied voltage of 15 kV, working distance of 10.5 mm, and magnification
of 30,000. The composition of the films was analyzed using an Oxford energy-dispersive
X-ray spectroscope (EDS) attached to the SEM. For EDS analyses, the accelerating voltage of
the electron beam was set at 15 kV, and the dead time and collection time were 22–30% and
60 s, respectively. Digital images from a high-resolution transmission electron microscope
(HRTEM; Tecnai F20, ThermoFisher, Waltham, MA, USA) operated at 200 kV were recorded
using a Gatan 2 k × 2 k CCD camera system to obtain detailed film-structure information.
The HRTEM specimens were prepared using a standard mechanical thinning and Ar ion
milling procedure.

An MTS NanoXP® system (MTS Corporation, Nano Instruments Innovation Center,
Oak Ridge, TN, USA) with a load force resolution of 50 nN and a displacement resolution
of 0.1 nm was used for conducting the nanoindentation tests at room temperature. The
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indentation depth of the Berkovich diamond indenter was 55 nm, and the strain rate varied
from 0.01 to 1 s−1. Additional harmonic modulation was superimposed simultaneously
onto the indenter when continuous stiffness measurements (CSM) were performed [15].
The modulation amplitude and frequency were set at 2 nm and 45 Hz, respectively. Special
care was taken to ensure that the thermal drift was less than 0.01 nm/s before each test
was conducted. We performed at least 20 indents for each sample to ensure the statistical
significance of the results.

The projected contact area between the indenter tip and films surface, Ap, and the maxi-
mum indentation loading, Pm, are used to define the hardness as H = Pm/Ap. The Berkovich
indenter tip, Ap, and the contact depth, hc, are correlated as Ap = 24.56h2

c . Following
Sneddon’s analysis [16], the elastic modulus of the film (Ef ) is given by
Sc = 2βEr

(√
Ap/

√
π
)
, where Sc is the contact stiffness of the thin film and β is a ge-

ometric constant, with β ≈ 1 for the Berkovich indenter tip. The reduced elastic modulus
(Er) is further utilized to determine Ef using 1/Er = [(1 − ν2

f )/Ef + (1 − ν2
i )/Ei], with ν

being the Poisson’s ratio and the subscripts, f and i, denoting the parameters for the film
and the indenter tip, respectively. For the diamond indenter tip used here, Ei = 1141 GPa
and νi = 0.07 [17], and νf = 0.25 is assumed.

3. Results and Discussion

Figure 1a shows the XRD patterns of films, which can be unambiguously indexed as
(003), (006), and (0015) of the rhombohedral Bi2Te3 phase (JCPDS card No. 82-0358). It is
worth noting that the intensity ratios between the (0 0 6) and (1 0 16) diffraction peaks were
6.7, 7.8, and 20.2 for films deposited at 225 ◦C, 250 ◦C, and 300 ◦C, respectively, which were
all substantially higher than the value of 1 obtained from the standard powder diffraction
data file (JCPDS card No. 82-0358), confirming the highly (00l)-oriented characteristic of
the present Bi2Te3 films. In addition, the preferred in-plane orientation was not found by
the XRD phi-scan. Therefore, the Bi2Te3 films are polycrystalline and highly c-axis-oriented
(or textured films). Noticeably, the crystal structure of Bi2Te3 is rhombohedral with a space
group D5

3d (R3m), which can be represented by a hexagonal primitive cell consisting of
three quintuple-layers (QL). Each QL is about 1 nm-thick with 5-atomic-layer stacking in
sequence, namely –(Te(1)–Bi–Te(2)–Bi–Te(1))–, along the c-axis, as depicted schematically
in Figure 1b. The bonding between the QLs is the Van der Waals (VdW) Te(1)–Te(1) bond,
which is significantly weaker than the ionic–covalent Bi-Te bonds within the QLs [6,18].

 
Figure 1. (a) XRD patterns of the Bi2Te3 thin films deposited on the c-plane sapphire substrates at the
various TS of 225 ◦C, 250 ◦C, and 300 ◦C, respectively. D(006) is the calculated grain size of the films
using the Scherrer equation and Bi2Te3 (006) peaks. (b) The schematics depicts the crystal structure
of Bi2Te3.
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It is also evident from Figure 1a that the diffraction peaks exhibit higher intensity and
narrower width with increasing TS, indicating that the crystallinity of the films is progres-
sively improved when TS increases. We used Scherrer’s formula [19], Ds = 0.9λ/(βcosθ),
to estimate the crystallite size (Ds) of the Bi2Te3 thin films, wherein λ, β, and θ are the
X-ray wavelength, the full-width-at-half-maximum (FWHM) of the selected diffraction
peak, and the corresponding Bragg diffraction angle, respectively. Here, we chose the (006)
peak to calculate crystallite sizes, and the sizes are 24.0 nm, 29.2 nm, and 54.2 nm for the
films deposited at TS of 225 ◦C, 250 ◦C, and 300 ◦C, respectively. These results clearly
indicate that TS imposes a marked effect on the crystallite size. This observation can be
understood as the following. At a lower TS, due to the higher extent of supersaturation and
the lower surface diffusion rate, the reduced critical size and the nucleation energy barrier
for the nuclei are reduced, which leads to an increased number of nucleation sites and an
eventually smaller grain size [6].

Furthermore, by using the Williamson—Hall (WH) equation [20,21], the effects of the
crystalline size-induced broadening and strain-induced broadening of XRD results for the
Bi2Te3 thin films at various TS can be determined. The WH equation is as follows:

βcosθ = (0.9λ/DWH) + 4ε·sinθ (1)

where ε is the microstrain. The WH equation represents a straight line between 4sinθ
(X-axis) and βcosθ (Y-axis). The slope of the line gives the value of the microstrain. Both the
crystalline size (DWH) and microstrain (ε) contribute to the broadening of the XRD spectra
of the Bi2Te3 thin films and are listed in Table 1. It is noted that the incorporation of the
microstrain effect is attributed to the different values of the crystalline size significantly. The
values of the crystalline size of the TS-treated Bi2Te3 thin films calculated using Scherrer’s
equation are noticeably smaller than those calculated using the WH equation that gave
rise to the influence of the microstrain on the XRD results. Furthermore, both the values
of Ds and DWH are enlarged, indicating that the overall crystallinity of the Bi2Te3 thin
films was remarkably improved by the increased TS. The ε increases monotonically from
0.21% to 0.29% with increasing TS from 225 ◦C to 300 ◦C, which can be attributed to the
newly created interfaces associated with the TS-dependent crystallite size and evolving
grain shapes.

Table 1. The structural and mechanical properties of the Bi2Te3 thin films.

Bi2Te3
Ds

(nm)
DWH

(nm)
ε

(%)
H

(GPa)
Ef

(GPa)
τc (GPa)

Kc

(MPa·m1/2)
Gc

(Jm−2)

Bulk [22] — — — 1.6 ± 0.2 32.4 ± 2.9 — — —

Thin films [23]
(helium gas pressure)

2 × 10−5–2 × 10−3 Torr
11–20 — — 2.9–4.0 106.3–127.5 0.9–1.3 — —

Thin films [#]
TS = 225 ◦C 24.0 32.6 0.21 5.2 ± 0.3 125.2 ± 6.9 2.2 1.42 0.15

Thin films [#]
TS = 250 ◦C 29.2 40.2 0.24 4.0 ± 0.1 98.3 ± 2.1 1.4 1.21 0.14

Thin films [#]
TS = 300 ◦C 54.2 62.7 0.29 3.4 ± 0.2 62.5 ± 1.4 1.0 0.88 0.12

[#]: this work.

Figure 2a shows a low-magnification TEM image Bi2Te3 film deposited at the TS of
300 ◦C, in which some crystallites are presented by the dotted areas. It can be seen that the
crystallite sizes are approximately 50–60 nm, agreeing well with the estimated crystallite
size obtained from the XRD results. Moreover, an HRTEM image of a crystallite clearly
presents the projected periods of 0.51 nm along the c-axis (Figure 2b), which corresponds
to the lattice spacing of the Bi2Te3 (006) planes. These TEM results are further confirmed by
the crystallite sizes and gain insight into the crystal structure of the textured Bi2Te3 films in
this study.
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Figure 2. TEM images of the Bi2Te3 film deposited at the TS of 300 ◦C. The dotted areas in (a) are
used to guide the eyes of some crystallites; (b) the magnified HRTEM image obtained from (a).

Figure 3 depicts the SEM photographs, revealing the surface morphology of the
Bi2Te3 films grown at different TS from 225 to 300 ◦C. The SEM images show that all films
exhibit the typical polygonal granular morphology of a polycrystalline microstructure, and
the grain size increases with increasing TS. This result is in line with the TS-dependent
crystallite size tendency obtained from the XRD results (Figure 1). It is noted that the
grain size observed from the SEM images shown in Figure 3 appears to be larger than the
crystallite size estimated using the XRD data or observed directly from the HRTEM images
because a “grain” in the SEM image may be composed of agglomerated grains and/or
even include amorphous regions [24]. In addition, the EDS results confirm that all films
have stoichiometry very close to that of the Bi2Te3 phase, which is necessary for obtaining
the pure Bi2Te3 phase for all the investigated films. Noticeably, the Te composition reduces
slightly from 60.12 at.% for the 225 ◦C film to 59.48 at.% for the 300 ◦C film. This could be
due to the re-evaporation of Te from the heated substrates being much faster than that of Bi
at elevated temperatures. The cross-sectional SEM images in Figure 3 show that the films
had a thickness in the 1154–1428 nm range and layered structures.

 

Figure 3. SEM images (upper: top view and middle: cross section) and EDS spectra of the Bi2Te3 thin
films deposited at various substrate temperatures of 225, 250, and 300 ◦C.
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As discussed above, the TS evidently showed significant effects on the film microstruc-
tures. The next prominent question is how it affects the nanomechanical properties of
the films. Figure 4 shows the typical load—depth curves (Ph-curves) obtained from the
nanoindentation CSM measurements on the Bi2Te3 films at various TS of 225 ◦C, 250 ◦C,
and 300 ◦C. We kept the total penetration depth to within approximately 55 nm, which is
well below the 30% criterion (film thickness of 1154–1428 nm) suggested by Li et al. [25],
in which the indentation depth should never exceed 30% of the films’ thickness or the
dimension of the nanostructures to avoid any complications from the substrate.

Figure 4. CSM nanoindentation Ph-curves of the Bi2Te3 thin films deposited on the c-plane sapphire
substrates at the various TS from 225 to 300 ◦C.

The hardness and Young’s modulus of the Bi2Te3 thin films are directly determined
by the Ph-curves obtained from CSM measurements following the Oliver and Pharr
method [17]. The results are shown in Figure 5. Briefly, the values of hardness (H) of
the Bi2Te3 films are 5.2 ± 0.3, 4.0 ± 0.1, and 3.4 ± 0.2 GPa for the films deposited at
225 ◦C, 250 ◦C, and 300 ◦C, respectively. Similarly, the values of Young’s modulus (Ef) are
125.2 ± 6.9, 98.3 ± 2.1, and 62.5 ± 1.4 GPa for the Bi2Te3 films grown at 225 ◦C, 250 ◦C, and
300 ◦C, respectively. This means that both the values of H and Ef of the Bi2Te3 thin films
monotonically decrease with increasing TS. Noticeably, the H and Ef of the present Bi2Te3
thin films are significantly larger than that reported for the bulk Bi2Te3 (H = 1.6 ± 0.2 GPa
and E = 32.4 ± 2.9 GPa) [22]. The reason for the apparent discrepancy is not clear at
present. Nevertheless, by comparing the results of the films in this study with that reported
in Ref. [23], the stoichiometric levels and crystallite orientation of the films may have inti-
mate correlations with the H and Ef results. We found that the H and Ef values of the close
stoichiomectric Bi2Te3 films grown using the Bi2Te8 target are significantly larger than those
of the Te-deficient Bi2Te3 films grown using the Bi2Te3 target [23]. Similar behaviors have
also been reported in the Bi2Se3 thin films [26]. Notably, for the present Bi2Te3 films, the in-
tensity of the (006)-diffraction peak is dominantly higher than that of the (0015)-diffraction
peak, whereas the Bi2Te3 films in Ref. [23] showed reversed behavior for the intensity of
the two peaks, presumably due to the different experimental conditions. We found that
the mechanical properties of the PLD-grown Bi2Te3 films on the Al2O3 (001) substrates
substantially were enhanced when they were grown using a Te-rich target (e.g., Bi2Te8)
under a relatively high helium gas (e.g., 200 mTorr) pressure and at a moderately low TS
(e.g., 225 ◦C). Additionally, compared with the previous studies [22,23], the structural and
mechanical properties of the Bi2Te3 thin films are listed in Table 1.
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Figure 5. The hardness as a function of grain size for the Bi2Te3 thin films. The dash lines are the
fitting using the Hall—Petch equation.

On the other hand, as displayed in the inset of Figure 5, the hardness of the films as a
function of the crystallite size can be described satisfactorily by the empirical Hall—Petch
relation [27], where H(DWH) = H0 + kD−1/2

WH (H0 is the lattice friction stress and k is the
Hall-Petch constant). The fitting yields H(DWH) = 24.7D−1/2

WH + 0.2. Since the dislocation
motion is recognized to play the primary role in giving rise to the phenomena describable
by the Hall—Petch relation, it can also explain the pop-ins in the Ph-curves for the Bi2Te3
thin films by linking the observed pop-ins event to the abrupt plastic flow associated with
the massive dislocation activities during nanoindentation (as shown in Figure 4). As is
evident from the above results, higher TS apparently has led to a microstructure with larger
crystallite size and better crystallinity for the Bi2Te3 thin films associated with the increased
TS that could reduce the capability of hindering the dislocation movement, hence leading
to decreases in the H and Ef values.

As indicated by the arrows shown in Figures 4 and 6, along the loading segment of
the Ph-curves, clear discontinuities reflecting the pop-ins phenomena are observed. Such
behavior, in fact, has been ubiquitously observed in single crystal [22] and thin films [23]
of Bi2Te3, when similar nanoindentation tests were undertaken. The fact that it occurs in
a vast variety of loading segments associated with a wide range of corresponding strain
rates during the test indicates that the phenomena, especially the first pop-in event, are not
activated thermally. Instead, the phenomena are often explained in terms of dislocation
nucleation and/or propagation [28,29], or development of induced micro-cracks [30,31]
during nanoindentation. The possibility of a phase pressure-induced transition, how-
ever, can be ruled out. Due to the in situ high pressure XRD experiments carried out
on Bi2Te3 [32–34], the magnitude of the applied pressure required to induce the phase
transitions is orders of magnitude higher than the apparent room-temperature hardness
obtained for the present Bi2Te3 films. Moreover, the absence of “pop-out” discontinuities
along the unloading segment of the Ph-curves (Figures 4 and 6) also support that, unlike
that observed in nanoindented Si [35,36], the phase transition is not involved here. Conse-
quently, we believe that the predominant deformation mechanism prevailing in the present
case must mainly associate with the nucleation and subsequent propagation of dislocations.
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Figure 6. Berkovich nanoindentation on the Bi2Te3 thin films at various TS: (a) 225 ◦C, (b) 250 ◦C, and
(c) 300 ◦C. The corresponding SEM indentations are displayed to the right of the load-depth curves.

For the context of the dislocation activity-mediated scenario, the first “pop-in” event
can be attributed to the transition of deformation behaviors. Namely, the pop-in is the
onset of plasticity, reflecting the indentation load at which the system switches from elastic
to plastic deformation due to the movement of dislocations. Based on the above discussion,
one can further calculate the corresponding critical shear stress (τc), at which the dislocation

movement is initiated using the following equation: τc = (0.31/π)[6Pc(Er/R)2]
1/3

[37],
where Pc is the load at which the load-depth discontinuity occurs, R is the radius of the
tip of nanoindenter, and Er is the reduced elastic modulus defined in the Materials and
Method section. The obtained values for τc are approximately 2.2, 1.4, and 1.0 GPa for
the Bi2Te3 films deposited at the TS of 225, 250, and 300 ◦C, respectively. Alternatively, τc
may also be regarded as the stress responsible for massive homogeneous nucleation of the
dislocations within the region deformed underneath the tip.

Figure 6 shows the phenomena of Berkovich nanoindentation-induced cracking and
the pile-up along the corners and edges of the residual indent clearly. Fracture toughness
(Kc) is another prominent mechanical property of materials in nanoindentation, which
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can be determined by [38] Kc = α·(Pm/c3/2)·(Ef /H)1/2, where α is an empirical constant
depending solely on the geometry of the indenter, which is taken to be 0.016 for the
Berkovich indenter, and c is the trace length of the radial crack appearing on the material
surface at a maximum indentation loading (Pm) of 20 mN. The Kc values of the Bi2Te3 thin
films thus obtained are 1.42, 1.21, and 0.88 MPa·m1/2 for films deposited at the TS of 225 ◦C,
250 ◦C, and 300 ◦C, respectively. Moreover, the fracture energy (Gc) of the Bi2Te3 thin films
is estimated based on the elastic modulus and fracture toughness using the equation [39]
Gc = K2

c ·(1 − ν2/Ef ), where the Gc values of the Bi2Te3 thin films are 0.15, 0.14, and
0.12 Jm−2 for the films deposited at the TS of 225 ◦C, 250 ◦C, and 300 ◦C, respectively.
The values of Kc and Gc of the Bi2Te3 thin films are also listed in Table 1. Accordingly,
as is evident from the SEM photographs shown in Figure 3, the cracks propagate in a
straight line and exhibit a trans-granular cracking behavior, which confirms that the grain
boundaries have effectively obstructed the inter-granular crack propagation.

It is worth noting that the Bi2Te3 film grown at the TS of 225 ◦C can be considered
the optimal film because of its excellent mechanical properties of H = 5.2 ± 0.3 GPa and
Ef = 125.2 ± 6.9 GPa for thermoelectric applications [40].

4. Conclusions

In summary, the Bi2Te3 thin films were grown on c-plane sapphire substrates at various
TS from 225 to 300 ◦C under a helium ambient pressure of 200 mTorr using a Bi2Te8 target.
The TS dependence of the structural, morphological, compositional, and nanomechanical
properties of the Bi2Te3 films was systematically studied using XRD, TEM, SEM, EDS, and
nanoindentation methods. As a result, all the films exhibited the Bi2Te3 phase, highly
c-axis preferred orientation, granular morphology, and good stoichiometry. Moreover,
the crystallite size of the films monotonically increased with increasing TS from 225 to
300 ◦C. The hardness (Young’s modulus) of the Bi2Te3 thin films decreased from 5.2 GPa
(125.2 GPa) to 3.4 GPa (62.5 GPa) when TS increased from 225 to 300 ◦C. The TS-dependent
hardness and Young’s modulus is associated with the variation in crystallite size, which
can be explained by the dislocation-mediated mechanism underlying the Hall—Petch
relation. The calculated values of Kc and Gc of the Bi2Te3 thin films were in the ranges of
0.88–1.42 MPa·m1/2 and 0.12–0.15 Jm−2, and their values were systematically decreased
with increasing TS.
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Abstract: In the present study, the structural, morphological, compositional, nanomechanical, and
surface wetting properties of Bi2Se3 thin films prepared using a stoichiometric Bi2Se3 target and a
Se-rich Bi2Se5 target are investigated. The Bi2Se3 films were grown on InP(111) substrates by using
pulsed laser deposition. X-ray diffraction results revealed that all the as-grown thin films exhibited
were highly c-axis-oriented Bi2Se3 phase with slight shift in diffraction angles, presumably due to slight
stoichiometry changes. The energy dispersive X-ray spectroscopy analyses indicated that the Se-rich
target gives rise to a nearly stoichiometric Bi2Se3 films, while the stoichiometric target only resulted in
Se-deficient and Bi-rich films. Atomic force microscopy images showed that the films’ surfaces mainly
consist of triangular pyramids with step-and-terrace structures with average roughness, Ra, being
~2.41 nm and ~1.65 nm for films grown with Bi2Se3 and Bi2Se5 targets, respectively. The hardness
(Young’s modulus) of the Bi2Se3 thin films grown from the Bi2Se3 and Bi2Se5 targets were 5.4 GPa
(110.2 GPa) and 10.3 GPa (186.5 GPa), respectively. The contact angle measurements of water droplets
gave the results that the contact angle (surface energy) of the Bi2Se3 films obtained from the Bi2Se3

and Bi2Se5 targets were 80◦ (21.4 mJ/m2) and 110◦ (11.9 mJ/m2), respectively.

Keywords: Bi2Se3 thin films; nanoindentation; hardness; pop-in; surface energy
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1. Introduction

Bismuth selenide (Bi2Se3) is of great interest owing to its intriguing physical properties
as a three-dimensional topological insulator [1–5], and potential applications in spintronics [6],
optoelectronics [7] and quantum computation [8]. In addition, Bi2Se3 possesses excellent thermoelectric
properties at room-temperature [9,10] and low temperature regimes [11]. For fundamental
studies and application purposes, it is essential to grow Bi2Se3 thin films with high-quality and
to have comprehensive characterizations of their physical properties, including the mechanical
properties [12–14].

Nanoindentation is a versatile technique ubiquitously used to obtain the basic mechanical
parameters, such as the hardness and elastic modulus, as well as to delineate the deformation
mechanisms, creep and fracture behaviors of various nanostructured materials [15–18] and thin
films [19–23] with very high sensitivity and excellent resolution. On the other hand, wettability is
an important property of a solid surface, which is intimately related to the chemical compositions
and morphology of the surface [24]. The peculiar wetting behaviors exhibited on the surface of
two-dimensional and van der Waals layered materials have been receiving dramatically increased
interest in recent years [25–27]. It implies that specific water–substrate interaction features are relevant
to the atomic and electronic structures of the layered materials. In particular, the hydrophobic surface
(water contact angle, θCA > 90◦) can be used in many applications of self-cleaning surfaces and
antifogging [28,29]. Consequently, how to control the behavior of hydrophobicity or hydrophilicity of
films’ surfaces is also of great importance in realizing the designed functionality for device applications.

Because of the high volatility of selenium (Se), Bi2Se3 tends to form Se vacancies or antisites that
serve as donors to result in a sufficiently high carrier concentration and low carrier mobility [30,31].
When severe loss of Se-atoms occurs during the thin-film growth at elevated substrate temperatures,
pure phase Bi2Se3 film is usually not achieved, and the obtained films may present impurity phases
or even turn into another phase [32]. Thus, to overcome this problem and obtain high-quality
stoichiometric Bi2Se3 thin-films, a Se-rich environment is necessary during films’ growth. Indeed, this
strategy has been employed to grow high-quality Bi2Se3 thin films by creating a Se-rich environment
with a Se:Bi flux ratio ranging from 10:1 to 20:1 using molecular beam epitaxy (MBE) [33,34]. Pulsed laser
deposition (PLD) offers a high instantaneous deposition rate, relatively high reproducibility, and low
costs. The PLD has been used for growing epitaxial and polycrystalline Bi2Se3 thin films [9,30,35–37].
In 2011, Onose et al. [35] successfully grew epitaxial Bi2Se3 thin-films on InP(111) substrates using
a designed target with an atomic ratio of Bi:Se of 2:8. Yet, systematic investigations on the effects of
target composition, and hence the resultant films’ stoichiometry, on the properties of Bi2Se3 thin films
have been relatively scarce.

Herein, we conducted comprehensive characterizations of the structural, compositional,
morphological, nanomechanical, and wetting properties of Bi2Se3 thin films grown on InP(111)
substrates by PLD. In particular, two different targets (i.e., a stoichiometric target of Bi2Se3 and a Se-rich
target of Bi2Se5) were deliberately used to tune the stoichiometry of the resultant Bi2Se3 films and to
unveil its effects on the surface wettability and nanomechanical properties, since both characteristics
are of pivotal importance for their practical applications in Bi2Se3 thin film-based microelectronic and
spintronic devices.

2. Materials and Methods

In order to study the effects of film stoichiometry, two targets with different composition effects
were used. One is stoichiometric Bi2Se3 and another is a Se-rich target with a nominal composition of
Bi2Se5. The targets were purchased from Ultimate Materials Technology Co., Ltd. (Ping-Tung City,
Taiwan). Noticeably, though having differences in Se/Bi atomic ratios of 3/2 and 5/2, both Bi2Se3 and
Bi2Se5 targets were polycrystalline with the right Bi2Se3 phase. Bi2Se3 thin films were deposited on
InP(111) substrates using PLD at a substrate temperature of 350 ◦C in vacuum at a base pressure of
4 × 10−6 Torr (~0.53 mPa). For the PLD process, ultraviolet (UV) pulses (20-ns duration) from a KrF

28



Coatings 2020, 10, 958

excimer laser (λ = 248 nm, repetition: 1 Hz) were focused on the polycrystalline Bi2Se3 or Bi2Se5 target
at a fluence of 5.5 J/cm2. The target-to-substrate distance was 40 mm. The target was ablated for
approximately 5 min in order to clean its surface before every deposition. The deposition time was
25 min, which resulted in an average Bi2Se3 film thickness of approximately 191 nm (the growth rate
of approximately 1.27 Å/pulse).

The crystal structure and surface morphology of the Bi2Se3 thin films were characterized by X-ray
diffraction (XRD; Bruker D8, CuKα radiation, λ = 1.5406 Å, Bruker, Billerica, MA, USA) and field
emission scanning electron microscopy (SEM, JEOL JSM-6500, JEOL, Pleasanton, CA, USA) operated
at an accelerating voltage of 15 kV, respectively. Film compositions were analyzed through Oxford
energy-dispersive X-ray spectroscopy (EDS, Inca X-sight 7558, Oxford Instruments plc., Oxfordshire,
UK) equipped with the SEM instrument at an accelerating voltage of 15 kV, dead time of 22–30%,
and collection time of 60 s. The atomic percentage of each film was determined by averaging the
values measured in 5 or more distinct 14 × 20 μm2 areas on the surface of films. Moreover, the surface
morphology and roughness of the thin films were examined using atomic force microscopy (AFM;
Veeco Escope, Veeco, New York, USA).

The nanoindentation was performed on a Nanoindenter MTS NanoXP® system (MTS Cooperation,
Nano Instruments Innovation Center, Oak Ridge, TN, USA) with a pyramid-shaped Berkovich diamond
tip. The nanomechanical properties of the Bi2Se3 thin films were measured by nanoindentation with
a continuous contact stiffness mode (CSM) [38]. At least 20 indentations were performed on each
sample and the distance between the adjacent indents was kept at least 10 μm apart to avoid mutual
interferences. We also followed the analytic method proposed by Oliver and Pharr [39] to determine
the hardness and Young’s modulus of measured materials from the load–displacement results. Thus,
the hardness (H) and Young’s modulus (E) of the Bi2Se3 thin films are obtained and the results are
listed in Table 1. Moreover, the surface wettability of the Bi2Se3 thin films under ambient conditions
was monitored using a Ramehart Model 200 contact angle goniometer (Ramé-hart, Succasunna, NJ,
USA) with deionized water as the liquid.

Table 1. The microstructural parameters, nanomechanical properties, contact angle and surface energy
of Bi2Se3 thin films. The mechanical properties of InP(111) are also listed.

Sample
D

(nm)
Ra

(nm)
H

(GPa)
E

(GPa)
τmax

(GPa)
θCA

(γd)s
(mJ/m2)

Bi2Se3 thin film on InP(111) substrate (Bi2Se3 target) 29.7 2.41 5.4 110.2 1.8 80◦ 21.4

Bi2Se3 thin film on InP(111) substrate (Bi2Se5 target) 26.0 1.65 10.3 186.5 3.4 110◦ 11.9

Bi2Se3 thin film on sapphire substrate [14] 34.2 8.5 ~2.1 ~58.6 ~0.7 — —

Single-crystal Bi2Se3 [13] — — ~0.4–0.9 ~2–9 — — —

Single-crystal InP(111) [40] — — ~5 72.4–76.2 1.96 — —

3. Results and Discussion

3.1. Structural and Morphological Properties

Bi2Se3 has a rhombohedral structure with a space group D5
3d

(
R3m
)

that can be described by
a hexagonal primitive cell with three five-atomic-layer thick lamellae of –(Se(1)–Bi–Se(2)–Bi–Se(1))–,
in which the atomic layers are stacked in sequence along the c-axis [9]. The XRD patterns of the Bi2Se3

thin films obtained from the Bi2Se3 and Bi2Se5 targets are shown in Figure 1. As is evident from
Figure 1, besides the diffraction peaks of InP substrates at 26.3◦ and 54.1◦ (JCPDS PDF#00-032-0452),
the films exhibited highly c-axis-preferred orientation with (006), (0015), and (0021) diffraction peaks of
the Bi2Se3 phase (JCPDS PDF#33-0214). However, minor diffraction peaks belonging to the BiSe phase
(PDF#29-0246) can be identified. It is noticed that, although both of the as-grown films exhibit highly
c-axis preferred orientation of the Bi2Se3 phase, a slight relative shift in diffraction angles indicative
of modification of the c-axis parameter is observed. Indeed, by using the dominant Bi2Se3 (006) and
Bi2Se3 (0015) peaks and the hexagonal unit cell relationship [32], the average c-axis lattice constant of

29



Coatings 2020, 10, 958

the Bi2Se3 thin films prepared using Bi2Se3 and Bi2Se5 targets were 28.39 Å and 28.25 Å, respectively,
whose values were slightly smaller the c-axis lattice constant of 28.63 Å from the database of Bi2Se3

powder (JCPDS PDF#33-0214). This could be due to the difference in the internal stress built up during
the deposition.

 

Figure 1. XRD patterns of Bi2Se3 thin films grown on InP (111) substrates from two different targets of
Bi2Se3 (a) and Bi2Se5 (b) using pulsed laser deposition.

The grain sizes (D) of the Bi2Se3 films were estimated using the Scherrer equation D = 0.9λ/βcosθ,
where λ, β, and θ are the X-ray wavelength, full width at half maximum of the Bi2Se3 (006)-oriented
peak, and Bragg diffraction angle, respectively. The estimated D values of the Bi2Se3 thin films prepared
using Bi2Se3 target and Bi2Se5 target were 29.7 nm and 26.0 nm, respectively.

Figure 2 shows the AFM and SEM-EDS results of Bi2Se3 thin films prepared using the Bi2Se3 and
Bi2Se5 target, respectively. As shown in Figure 2a,b, the films mainly consist of triangular pyramids
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with features of step-and-terrace structures. This is a clear indication that the films are growing along
the [0001] direction, which is consistent with XRD results displayed in Figure 1. The films also exhibit
highly smooth surfaces with the centerline average roughness Ra being ~2.41 nm and ~1.65 nm for
films grown from the Bi2Se3 target and from the Bi2Se5 target, respectively. In addition, the films
grown from the Bi2Se5 target also show clearer step-and-terrace structures with fewer large particle-like
outgrowth defects on the surface as compared to the film grown from the Bi2Se3 target (see 3D images),
indicating that these films are closer to the stoichiometric composition and, thus, are less defective.

 

Figure 2. 2D and 3D AFM images of the Bi2Se3 thin films deposited from (a) Bi2Se3 target and (b)
Bi2Se5 target.

The top-view SEM images displayed in Figure 3a,b further confirmed the aforementioned surface
morphology. The cross-sectional view images shown at the bottom of Figure 3a,b indicate that the
films are rather uniform with their thickness being in the range of 185~197 nm. Furthermore, as is
evident from the EDS results displayed in the insets of Figure 3a,b and the typical EDS spectra of the
corresponding thin films shown in Figure 3c, the composition of the film prepared from the Bi2Se3

target clearly showed a substantial Se-deficiency of about 4.4 at.%, while the film prepared from
the Bi2Se5 target is nearly stoichiometric, which is consistent with the conjectures discussed above.
Intuitively, it is rather straightforward to explain why the Bi2Se3 target would lead to Bi-rich (or
Se-deficient) film by recognizing that the re-evaporation of Se from the heated substrate (~350 ◦C) is
much faster than Bi owing the much higher vapor pressure of Se [9,41]. The present results also suggest
that to obtain stoichiometric Bi2Se3 films, a Se-excessive target is essential. We note that stoichiometric
Bi2Se3 and Bi2Te3 films have been shown to exhibit reduced carrier concentration and increased carrier
mobility, which led to the enhanced thermoelectric properties and provided suitable conditions for
investigating the topological surface states [9,30,42].
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Figure 3. Top-view and cross-sectional SEM images of the Bi2Se3 thin films deposited from (a) Bi2Se3

target and (b) Bi2Se5 target. (c) EDS spectra of the corresponding Bi2Se3 thin films.

3.2. Nanomechanical Properties

The typical nanoindentation load–displacement curves of Bi2Se3 thin film deposited on InP(111)
substrates are shown in Figure 4a. The hardness and Young’s modulus of Bi2Se3 thin films were
calculated from the load–displacement curves [39]; the Poisson’s ratio of Bi2Se3 films is set to 0.25 in
this study. Figure 4b,c present the penetration depth dependence of hardness and Young’s modulus
are obtained using the CSM method. In 2004, Li et al. [15] indicated that nanoindentation depth should
never exceed 30% of the film’s thickness. In this work, the CSM technique system is applied to record
stiffness data along with load and displacement data dynamically, making it possible to calculate the
hardness and Young’s modulus at every data point and get their average values during the indentation
experiment [15,39]. The mechanical properties obtained under nanoindentation exhibit a convergent
manner and are steady with a rational tolerance around penetrating depths of 40~60nm, reflecting
that the material properties obtained are intrinsic and the substrate effect on the present thin films for
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hardness and modulus tests is negligible. The obtained values of hardness (H) and Young’s modulus
(E) are listed in Table 1 together with those reported in the literature for Bi2Se3 single crystals and thin
films deposited on sapphire substrates.

Figure 4. (a) The load–displacement curves of Bi2Se3 thin films deposited on InP(111) substrates using
two different target compositions. A clear single “pop-in” behavior is displayed in both curves during
loading. (b) A hardness—displacement curve and (c) a Young’s modulus–displacement curve for a
Bi2Se3 thin films deposited using Bi2Se3 and Bi2Se5 targets.

From Table 1, it is somewhat surprising to observe that the values of hardness and Young’s
modulus of the Bi2Se3 thin films are much larger than those of single crystals. The reason for this
peculiar observation, especially the very low values for single crystals, is not clear at present. However,
by comparing the results for films, the two prominent mechanical property parameters appear to have
intimate correlations with the grain size (D) and surface roughness (Ra). For films grown on InP(111)
substrate, as in the present case, the lattice mismatch between the Bi2Se3 thin films and substrate is
about 0.2% [35], which, in turn, consistently resulted in films with better crystallinity, as indicated by the
narrower full width at half maximum of the diffraction peaks, namely ~0.3◦ for films grown on InP(111)
as compared to that of ~0.5◦ for the films grown on sapphire substrate [14]. Moreover, when comparing
the results for the films grown with different targets, it further indicates that stoichiometry of the film
can play an even more prominent role in determining the mechanical properties. Namely, the hardness
and Young’s modulus of the stoichiometric Bi2Se3 thin films are both about two times larger than that
of Se-deficient films, which are again about two times larger than that grown on sapphire substrate.
The enhancement of H and E values can be explained by considering the film crystallinity and surface
roughness. It has been reported that the crystallinity of Bi2Se3 thin films deposited on InP(111) substrate
was better than those deposited on Al2O3 and Si substrates [35]. In general, better film crystallinity
often results in superior nanomechanical properties [43,44]. Therefore, compared with those reported
in [14], the larger values of hardness and Young’s modulus of the present Bi2Se3 thin films could be
attributed to their better crystallinity. Furthermore, the film surface roughness can also be an important
factor. Jian et al. [45] reported that the nanomechanical properties of ZnO thin films were significantly
enhanced as the film surfaces became smoother. Even for AISI 316L stainless steel, the mechanical
properties were found to decrease with increasing surface roughness [46]. Since the surface roughness
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of the present films are all below 2.41 nm, it is reasonable to account, at least partially, for the enhanced
H and E values.

Turning to the deformation behaviors during nanoindentation, it is evident that there are several
pop-ins occurring along the loading segment for both load–displacement curves shown in Figure 4a.
It is noted that similar phenomena were found in the previous studies [13,14], where the pop-ins were
also observed in nanoindented Bi2Se3 single-crystal and thin films, despite the fact that the loads
at which the pop-ins took place varied in each individual measurement. Moreover, it is noted that
there is no sign of reverse discontinuity in the unloading portion of the load–displacement curves
(the so-called “pop-out” event) being observed. The reverse discontinuity is commonly ascribed to
the pressure-induced phase transformation that has been observed in Si or Ge single crystals [47,48].
The absence of these incidences indicates that pressure-induced phase transition did not occur for the
Bi2Se3 films in the pressure range applied in this study. In fact, Yu et al. [49] have reported that the
pressure-induced phase transition in Bi2Se3 occurred at pressures of 35.6 and 81.2 GPa as revealed,
respectively, by Raman spectroscopy and synchrotron XRD experiments conducted in a diamond anvil
cell. These values are much higher than the room-temperature hardness of the present hexagonal
Bi2Se3 thin films. On the other hand, the pop-in behaviors during nanoindentation have been reported
previously in other hexagonal structured materials, such as sapphire [50] and ZnO single crystals [51],
as well as GaN thin films [52–54] by using the Berkovich indenter tip. It is generally conceived that
the nanoindentation-induced deformation mechanism in these hexagonal-structured materials were
primarily dominated by the nucleation and/or propagation of dislocations. Thus, it is plausible to
believe that similar mechanisms must have been prevailing in the present Bi2Se3 thin films. Reasonably,
it can be seen from Table 1 that the hardness of Bi2Se3 thin films increases when D value decreases,
partially due to grain boundary hardening.

Within the context of the dislocation-mediated deformation scenarios, the first pop-in event may
reflect the transition from perfectly elastic to plastic deformation. Namely, it is the onset of plasticity
in Bi2Se3 thin films. Under this circumstance, the corresponding critical shear stress (τmax) under
the Berkovich indenter at an indentation load, Pc, where the load–displacement discontinuity occurs,
can be determined by using the following relation [55]:

τmax = 0.31
(

6PcE2

π3R2

)1/3

(1)

where R is the radius of the tip of nanoindenter. The obtained τmax values are 1.8 and 3.4 GPa for
Bi2Se3 thin films grown using Bi2Se3 and Bi2Se5 targets, respectively. The τmax is responsible for the
homogeneous dislocation nucleation within the deformation region underneath the indenter tip.

3.3. Wettability Behavior

The surface wettability of the Bi2Se3 thin films was examined by water contact angle measurements.
If the contact angle (θCA) is greater than 90◦, it is said to be hydrophobic, otherwise it is hydrophilic.
In Figure 5, the values of θCA for films are 80◦ and 110◦ for films grown using the Bi2Se3 target and the
Bi2Se5 target, respectively.

As described above, the surface roughness measured by the AFM indicated that the Bi2Se3 thin film
grown using the Bi2Se5 target have smaller surface roughness, suggesting that the wettability behavior
of the surface was significantly affected by the surface morphology of the films [56]. Alternatively,
the atomic arrangements and existence of surface defects might also play a role in the eventual
surface energy. In general, the surface wettability is a measurement of surface energy and is most
commonly quantified by θCA [57]. The surface energy for Bi2Se3 thin films was calculated by means
of the Fowkes–Girifalco–Good (FGG) theory [58]. According to the analysis of the FGG method,
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the considered critical interaction is the dispersive force or the van der Waals force across the interface
existing between the water droplet and the solid surface. The FGG equation is given as:

γls = γs + γl − 2
√
(γd)s + (γd)l (2)

where
(
γd
)
s

and
(
γd
)
l

are the dispersive portions of surface tension for the solid and liquid surfaces,
respectively. By combining Young’s equation [56] with Equation (2) and taking the nonpolar liquid
deionized water as the testing liquid and set

(
γd
)
l
= γl, the Girifalco–Good–Fowkes–Young equation

becomes as:
(
γd
)
s
= γl(cosθCA + 1)/4, where

(
γd
)
s

is the surface energy of measured materials. Using

γl = 72.8 mJ/m2, the values of surface energy obtained were 21.4 mJ/m2 and 11.9 mJ/m2 for films
grown with the Bi2Se3 target and Bi2Se5 target, respectively. The lower surface energy gives rise to
higher hydrophobicity. It is noted that the θCA of 110◦ for the present stoichiometric Bi2Se3 thin films
deposited on InP(111) substrates using PLD is even larger than that (θCA~98.4◦) of Bi2Se3 thin films
deposited on SrTiO3(111) substrate by MBE [59]. In any case, the present study suggests that both the
hydrophobic/hydrophilic transition behavior and nanomechanical properties of the Bi2Se3 thin films
can be manipulated by controlling the target compositions.

Figure 5. Contact angle test: the images of water droplets on the Bi2Se3 thin film surfaces.

4. Conclusions

The present study evidently illustrated that stoichiometry, which can be manipulated by tuning
the target composition, can give rise to significant effects on the microstructural, morphological,
compositional, nanomechanical and surface wetting properties of the Bi2Se3/InP (111) thin films.
The Bi2Se3 thin films were grown using PLD from a stoichiometric Bi2Se3 target and a Se-rich Bi2Se5

target at a substrate temperature of 350 ◦C in a vacuum with a base pressure of ~4 × 10−6 Torr. The
films were highly (00l)-oriented with smooth surfaces consisting mainly of triangular step-and-terrace
structures, which is the common feature of epitaxial Bi2Se3 thin films. Compared to the films grown
from the Bi2Se3 target, using the Bi2Se5 target is more favorable for obtaining stoichiometric films
with larger hardness and Young’s modulus. In addition, the contact angle (surface energy) of the
Bi2Se3 films deposited from the Bi2Se3 and Bi2Se5 targets were 80◦ (21.4 mJ/m2) and 110◦ (11.9 mJ/m2),
respectively. These results suggest that, in addition to the usual factors such as surface roughness and
grain morphology, stoichiometry as well as defect chemistry originated from Se-deficiency may also
play important roles in determining the eventual nanomechanical and wettability properties of Bi2Se3

thin films.
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Abstract: In this study, the nanoindentation responses of Bi2Se3 thin film were quantitatively ana-
lyzed and simulated by using the finite element method (FEM). The hardness and Young’s modulus
of Bi2Se3 thin films were experimentally determined using the continuous contact stiffness measure-
ments option built into a Berkovich nanoindenter. Concurrently, FEM was conducted to establish
a model describing the contact mechanics at the film/substrate interface, which was then used to
reproduce the nanoindentation load-depth and hardness-depth curves. As such, the appropriate
material parameters were obtained by correlating the FEM results with the corresponding experimen-
tal load-displacement curves. Moreover, the detailed nanoindentation-induced stress distribution
in the vicinity around the interface of Bi2Se3 thin film and c-plane sapphires was mapped by FEM
simulation for three different indenters, namely, the Berkovich, spherical and flat punch indenters.
The results indicated that the nanoindentation-induced stress distribution at the film/substrate
interface is indeed strongly dependent on the indenter’s geometric shape.

Keywords: Bi2Se3 thin film; nanoindentation; finite element method

1. Introduction

With its unique quintuple layer structure, Bi2Se3 behaves like a narrow band gap
semiconductor with excellent thermoelectric properties near room temperature, as well
as a 3D topological insulator with a large bulk band gap (0.3 eV) and topologically pro-
tected surface state [1,2]. Such rich emergent physical properties automatically invite
tremendous research interest due to its potential applications in a wide range of next
generation devices [3,4]. However, while most of the research has been focusing on the
thermoelectric [5] and transport properties [6], research on the mechanical characterizations
has not drawn equal attention. Since for most device fabrication processes, contact-induced
damage may significantly affect the properties of the films upon which devices are made,
which in turn would substantially influence the performance of the devices, a comprehen-
sive understanding of the mechanical properties of Bi2Se3, especially how the film reacts
when under localized compressive stress, is indispensable for fabricating efficient and
endurable devices.
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Nanoindentation is a popular technique being widely adopted to obtain prominent
mechanical property parameters, such as the Young’s modulus and hardness, with var-
ious materials, especially for film/substrate systems [7–10]. However, nanoindentation
itself does not provide information about the mechanism of nanoindentation-induced
deformation mechanisms and stress distribution within the film/substrate system in a
direct manner, which, from a practical point of view, is more relevant to stress-induced
deteriorations during device processing. In this respect, finite element modeling (FEM)
might serve in a complementary role not only in revealing the nanomechanical properties
of thin films [11,12], but also in unveiling the stress distribution within the film and at
the interface during nanoindentation [13,14], or even in explaining the crack formation
and delamination phenomenon [15,16]. Nevertheless, simulating the nanoindentation
process is often a highly complicated task due to the nonlinear behavior of the process.
For instance, Lichinchi et al. [17] reported the results of combining FEM simulations with
nanoindentation using a Berkovich indenter tip on TiN thin film deposited on high-speed
steel and concluded that no apparent differences are observed between the experimental
load-displacement (P-h) curves and those obtained from FEM using the 2D axisymmet-
ric model with a conical indenter and/or the 3D pyramidal model. The results suggest
the feasibility of combining FEM simulation and actual indentation measurements to ex-
tract the prominent parameters for a more detailed understanding of the contact-induced
mechanistic behaviors.

In this study, a combination of experiments and 2D axisymmetric FEM analysis
on the nanoindentation responses of Bi2Se3 thin films deposited on c-plane sapphires
is investigated. The nanomechanical properties, e.g., hardness, Young’s modulus, as
well as the P-h curves, are experimentally measured. The FEM analysis is carried out
to simulate the experimentally measured P-h and hardness-depth curves. Moreover, the
effects of the indenters’ geometries, for Berkovich, flat punch and spherical indenters, on
the interfacial stress distribution of the Bi2Se3 thin film/c-plane sapphire system during the
nanoindentation processes are also discussed. The fact that the present FEM simulations
are able to replicate the main features of actual nanoindentation experiments evidently
validates the feasibility of reliably developing the mechanical deformation of Bi2Se3 thin
films deposited on c-plane sapphire substrate using FEM simulation, which has been
largely missing in previous investigations. Moreover, the comparisons performed on
indenters with various geometries may also provide an efficient means to evaluate the
contact-induced deformation encountered in practical device fabrication processes, wherein
the shape of the contact tip is often case dependent.

2. Materials and Methods

The Bi2Se3 thin films investigated in this work were grown on c-plane sapphire
substrates by using pulsed laser deposition method with an average thickness of about
360 nm. The details of growth procedures in preparing these Bi2Se3 thin films can be found
elsewhere [7].

The nanoindentation measurements were carried out on a Nanoindenter MTS NanoXP®

system (MTS Cooperation, Nano Instruments Innovation Center, Oak Ridge, TN, USA)
with a diamond pyramid-shaped Berkovich-type indenter tip, whose radius of curvature
is 50 nm. The measurements were performed with a continuous stiffness mode [18] and
a constant nominal strain rate of 0.05 s−1. The hardness (H) and Young’s modulus (E) of
Bi2Se3 thin films, calculated from the P-h curves based on the analytic method developed
by Oliver and Pharr [19], are about 1.8 GPa and 70 GPa, respectively.

To investigate the nanoindentation-induced deformation behaviors of Bi2Se3 thin films
on the c-plane sapphire substrate, the film–substrate structure was modelled by FEM. In
particular, not only the P-h curves, but also the distribution of stress fields, strain fields,
and the profile of the indentation are also analyzed using FEM under nanoindentation.
In this model, the diameter and thickness of the sapphire substrate are both assumed to
be 10,000 nm and the thickness of a Bi2Se3 thin film is taken as 360 nm. FEM simulations
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are made with the 2D axisymmetric conical indenter, which is equivalent to the Berkovich
indenter, and the indentation curves are evaluated. The actual indenter was constructed
from a diamond with a height of 2200 nm. To define an axis symmetrical model, an
equivalent conical indenter with a semi apical angle of 70.3◦ having the same contact area
as the Berkovich indenter was used [20]. In addition, simulations with flat punch and
spherical indenters are also included for comparison, as depicted schematically in Figure 1.
The geometrical dimensions of the flat punch indenter tip are: 1200 nm in height and
1600 nm in diameter [21]. For the spherical indenter, the radius of the tip is 1500 nm [22].

Figure 1. The entire specimen with (a1) Berkovich, (b1) flat punch and (c1) spherical indenters for
the 2D model before meshing. Mesh of the entire specimen with (a2) Berkovich, (b2) flat punch
and (c2) spherical indenters for the 2D model. The geometry, boundary, and load conditions of (a3)
Berkovich, (b3) flat punch and (c3) spherical indenters.
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By using an applied force of 0.12 mN, the maximum depth can be obtained for the
analysis of mesh convergence. The displacement is measured along the Y-axis in Figure 2.
The result is the displacement of the center of the sample, which is used to verify the
maximum depth of the experiment. When the boundary conditions apply the same load,
the increase of the mesh does not affect the maximum displacement, which means that
the number of meshes in the model reaches a convergent state. A high-density mesh is
performed in this critical area to confirm the accuracy of the simulation analysis. From the
maximum curve, it is known that the number of elements is more than 20,000 after reaching
the convergence state, as shown in Figure 2. We increase the mesh density near the contact
point of the indenter tip and the film to observe the changes in the vicinity of this point, as
shown in Figure 1(a2,b2,c2). The model uses a mapped mesh, not a free mesh, in order to
be able to control the number and quality of elements. Material properties of Bi2Se3 used
in the model were obtained from the experimental data. The simplest relationship between
hardness (H) and yield stress (σy) is approximated as H ≈ 3σy according to Gupta et al. [14]
and is used as the presumed value. Material properties of the indenter and substrate
required for modeling are listed in Table 1. It is noted that the bi-linear model requires the
Young’s modulus to represent the elastic phase and the tangent modulus to describe the
plastic phase. Nevertheless, from the nanoindentation experiments, we can only obtain the
Young’s modulus and hardness, not the tangent modulus, for the simulation input. Because
of the lack of the tangent modulus, our simulations became sort of elastic perfect-plastic,
although our material model was not only considering the linear flexible part. This is
believed to be the primary reason why the obtained stress contours were not homogeneous
(see below).

Figure 2. The element number convergence analysis, indicating the mesh independence above
element number of 20,000.

Table 1. Mechanical properties of diamond indenter, Bi2Se3 film and sapphire substrate.

Component Materials Properties

Indenter Diamond [19] Elastic modulus: 1140 GPa
Poisson’s ratio: 0.07

Thin film Bi2Se3 [this work]
Elastic modulus: 70 GPa
Poisson’s ratio: 0.25
Initial yield stress: 0.6 GPa

Substrate Sapphire [23]
Elastic modulus: 450 GPa
Poisson’s ratio: 0.23
Initial yield stress: 8.7 GPa

Additional assumptions considered for the simulation are outlined as follows:

(a) The material is considered completely homogeneous, isotropic, and defect-free.
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(b) The residual stress in the deposited film is assumed to be negligible.
(c) During the simulation the material undergoes elastic deformation perfectly prior to

the set in of plastic deformation.
(d) The contact between film and substrate is considered as perfectly bonded so that there

is no delamination during the indentation process and the contact between film and
the indenter is considered to be frictionless.

By using the 2D models, the plastic deformation behaviors of Bi2Se3 thin film on
the sapphire substrate during nanoindentation can be observed. Since the system is
considered to be symmetrical, only half of the test vehicle is displayed. The 2D axis
symmetry finite element model with Berkovich (33,568 elements and 100,824 nodes), flat
punch (18,628 elements and 55,848 nodes) and spherical (26,689 elements and 80,131 nodes)
indenters are shown in Figure 1(a2, b2,c2), respectively. The PLANE 183 element type was
used. The Bi2Se3 thin films, sapphire substrate and pressure indenter employ a quadrilateral
element, each defined by eight nodes. The four-node quadrilateral element is used, and
high mesh refinement is adopted in the vicinity of the indent because of relatively larger
deformation. The contact elements CONTA 172/TARGE 169 were used in the contact
area. The interactions between the indenter and specimen are modeled as a contact pair
with no friction. The behavior of the indenter, which is usually made of high-hardness
and high-yield stress materials such as diamond, is assumed to be rigid. A finer mesh is
adopted to increase the numerical accuracy. However, this also implies that much larger
computational time is needed. Thus, one needs to perform a convergence study to get a
mesh that balances the accuracy and available computing resources. We did an element
convergence analysis for the element model plotted in Figure 2. To improve the accuracy
of the modeling and save computational time, it is important to check the mesh density
and refine them accordingly. The deformation is primarily concentrated underneath the
indenter and around the indented region. Thus, denser meshes around the region are used,
as shown in Figure 1(a2,b2,c2). A static analysis including large deflection was performed
using the commercial finite element software package ANSYS. In the constraint condition,
the Y axis of the model is the axis of symmetry, and the nodes are set to be fixed in the X
direction. In particular, the nodes on the bottom of the sample are set to be fixed in the Y
direction. The load was simulated by applying a displacement to the indenter during the
nanoindentation simulation, as indicated by the green arrows shown in Figure 1(a3,b3,c3).

The elastic/plastic properties of thin films have been successfully studied by FEM
simulation and applied to various material systems [24,25]. Based on these methods, we
propose the detailed procedures described below for simulating the material system. Dur-
ing loading, the indenter is controlled by displacement or force and the indenter is pressed
to a certain maximum displacement or loading force. During unloading, the indenter
tip returns to its original position at the same rate. Here, we used displacement control
patterns to characterize indentation behavior. Both loading and unloading separate 5 nm at
a step depth to ensure stable convergence. The P-h curve is obtained by the displacement of
the vertical reaction force and the rigid indenter. Both the film and substrate are assumed
to be homogeneous, isotropic and elastic/plastic. However, the plastic deformation does
not allow full recovery, and actual recovery is related to the relaxation of elastic strain. The
contact between the film and substrate is assumed to be perfect during indentation. A
perfect bonding condition between the film and substrate is also assumed, and the stress is
used to determine the extent of the plastic state in the materials. The equivalent yield stress
is calculated by the stress tensor and the material’s equivalent stress begins to yield when it
reaches the yield stress. The von Mises or equivalent strain εe is computed as:

εe =
1

1 + ν

(
1
2

[
(ε1 − ε2)

2 + (ε2 − ε3)
2 + (ε3 − ε1)

2
]) 1

2
(1)

where ν = effective Poisson’s ratio.
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3. Results and Discussion

As displayed in Figure 3, the presented FEM simulation evidently reproduces the main
features of the P-h curve obtained from the Berkovich tip indented Bi2Se3 thin films grown
on c-plane sapphire substrate, despite a slight offset of the indentation load value for the
first pop-in event. In particular, FEM simulation clearly mimics the multiple-step feature on
the loading segment of the P-h curve seen in real indentation measurements. Such a feature
is known to closely relate to the elastic–plastic deformation and associated dislocation
activities. In any case, it is apparent that good agreement between the nanoindentation
measurement and FEM results can be obtained, which, in turn, allows one to extract the
corresponding equivalent stresses from the nodes of the FEM P-h curve.

Figure 3. The comparsion of the experimental load-displacement curve with that obtained from FEM
simulation during nanoindnetation.

Moreover, as shown in Figure 4, the behavior of penetration-depth-dependent hard-
ness also exhibits very good agreement between the FEM simulation and the nanoinden-
tation experimental data. It is noted that in this case the maximum indentation depth of
the FEM result is 56 nm, which is only 15% of the film thickness (~360 nm) and, hence,
well within the substrate-effect-free criterion suggested by Li et al. [26]. Following the
Oliver-Pharr model [19], the values of H and E for the present Bi2Se3 thin film calculated
from the FEM simulated P-h curve are about 2.1 GPa and 86.4 GPa, respectively, which are
close to the experimentally recorded values of H~1.8 GPa and E~ 70 GPa.

Figure 4. The comparsion of the experimental penetration-depth-dependent hardness and that
obtained from FEM simulation during nanoindnetation.
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Despite the consistency mentioned above, it is noted that there exist some subtle
discrepancies between the experimental P-h curve and that obtained from FEM simulation.
Firstly, as seen in Figure 3, the indentation load of FEM simulation starts to deviate and
becomes slightly higher than the experimental value as the indentation depth is beyond
20 nm. This could be due to the fact that the regions underneath the indenter may have
transformed to a more deformable structure, hence reducing the effective loading capacity
of the film. On the other hand, in FEM simulation the basic mechanical property parameters
of the film are assumed to remain unchanged. Moreover, as will be discussed later, the pile-
up event is observed around the indentation, which may further reduce the film’s loading
capacity. Secondly, when the indentation depth reaches the critical depth of 20 nm, the slope
of the load segment of the P-h curve for the FEM simulation appears to become steeper
than the experimental one. This is attributed to the effect of local nanoindentation-induced
dislocation nucleation behavior of film occurring beneath the Berkovich indenter tip [27].
In Figure 3, both FEM and nanoindentation curves display apparent multiple “pop-in”
events, which were considered to be the signature corresponding to a clear transition from
reversible elastic deformation to irreversible plastic deformation during nanoindentation
and a process intimately related to dislocation activities [28,29]. In Figure 3, the first pop-in
occurs at indentation depths of 17 nm and 20 nm for the experimental and FEM curves,
respectively. Both are in reasonable agreement in indicating the first dislocation nucleation
event. Nevertheless, as mentioned above, due to the fact that the material’s parameters are
assumed to remain unchanged in FEM, which may not reflect the actual film situations,
the loading capacity and slope started to deviate. To gain some insight on this scenario,
Figure 5 shows the contours of shear stress calculated from FEM. It gives the maximum
shear stress of about 0.3 GPa, which is smaller than the nanoindentation experimental
result (about 0.7 GPa). These differences can be attributed to the elastic non-linearity of
the highly deformed film near the indenter tip, and to the boundary effects because of the
finite size of the FEM simulated system, and can at least partially lend some support to the
abovementioned arguments.

Figure 5. The shear stress of contours plot at first pop-in (the color bar unit: MPa).

Next, we move to discuss the nanoindentation-induced stress distribution within
Bi2Se3 thin film and at the interface of film–substrate. In order to gain more comprehensive
insights on this issue, the geometrical effects of various indenter tips are investigated
(fixed at the same indentation depth of 56 nm). Three indenters (Berkovich, flat punch and
spherical tips) are used to perform simulations of the nanoindentation process. When the
diamond tip draws back, the plastic deformed region undergoes a partial elastic recovery,
indicating the irreversibility of the plastic behavior during nanoindentation and indicating
that the indentation-induced stress remains within the Bi2Se3 thin films. From Figure 6, it

45



Coatings 2022, 12, 1554

can be found that the maximum equivalent stress is about 633 MPa in all three cases (the
red part in Figure 6). Moreover, substantial nanoindentation-induced pile-up phenomena
are observed with all three indenters.

 

Figure 6. The equivalent stress distributions after unloading of (a) Berkovich, (b) flat punch and
(c) spherical indenters (the color bar unit: MPa).
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The pile-up event is often observed in systems consisting of soft film on hard substrate.
For example, Tsui and Pharr [30] proposed that if the ratio of actual contact area and corner-
to-corner area is greater than one, then the pile-up event can be observed, as illustrated
in their experiment on an Al/glass system using a Berkovich indenter tip. A similar
phenomenon was also observed in our experimental Bi2Se3 film/sapphire substrate [7]. It
is interesting to note that the pile-up phenomena of modeled Bi2Se3 film/sapphire substrate
can also be successfully replicated using FEM. On the other hand, it is evident that the
residual stress within the Bi2Se3 film and/or the interface of Bi2Se3 film/sapphire substrate
varies significantly with the geometry of the indenters (Figure 6).

To gain some quantitative perspective on the residual stress distribution caused by
indenters with various geometrical symmetries, the equivalent stress curves are extracted
from the interface of Bi2Se3 thin film and sapphire substrate, as displayed by color code
in Figure 6. It can be seen that, for the Berkovich indenter, the residual stress is concen-
trated near the center of the indenter tip and surrounding the indentation (the red part in
Figure 6a), and the equivalent stress is about 141 MPa exhibited at the interface between
the Bi2Se3 thin film and substrate (see the corresponding plot panels shown in Figure 6a).
In contrast, as shown in Figure 6b, the residual stresses are distributed quite evenly within
the entire Bi2Se3 thin film when the flat punch indenter is used. Nevertheless, it is evident
that the equivalent stress underneath the flat punch indenter becomes larger close to the
edge of indenter (please see the zoom in the small block). Interestingly, in this case the
equivalent stress of 410 MPa exhibited at the interface of the Bi2Se3 thin film/sapphire
substrate is largest among the three types of indenters studied here. Finally, by comparing
the results displayed in Figure 6a,c, similar deformation behaviors are observed. However,
for spherical indenter tip, the zone of residual stress appears to distribute deeper and wider
over the same indentation depth with an equivalent stress of 315 MPa at the interface
between the Bi2Se3 thin film and substrate.

From the above discussions, it is encouraging to observe that the FEM simulations not
only have evidently replicated the pop-in and pile-up events commonly observed in real
indentation experiments, but also have provided means for analyzing the equivalent stress
distribution within the Bi2Se3 thin film/sapphire substrate system during nanoindentation.
The simulated results indicated that the deformation of Bi2Se3 thin film and the value of
equivalent stress are strongly dependent on the geometry of the indenters. The present
investigation indicates that the flat punch indenter tip results in the largest maximum
equivalent stress (410 MPa) at the interface of the Bi2Se3 thin film/sapphire substrate
system. Moreover, the simulation also confirmed that the substrate was not deformed
during indentation loading and, thus, did not affect the evaluated magnitudes of hardness
and Young’s modulus for the Bi2Se3 thin film used in this study.

4. Conclusions

In summary, we report the nanoindentation responses of Bi2Se3 thin film deposited on
c-plane sapphire substrate by combining nanoindentation measurements and FEM simula-
tions. Results indicated that the pop-in event is displayed clearly on the loading segment of
P-h curves in experiments and the FEM model with the Berkovich indenter tip. Moreover,
the FEM simulated value of the critical indentation depth (~20 nm) is in good agreement
with that of the experimentally observed pop-in depth (~17 nm). Such calculations indicate
the feasibility of using FEM simulations to replicate the main features of actual nanoin-
dentation experiments. In particular, the present study evidently demonstrated that by
comparing the nanoindentation data with FEM predictions, a model for the mechanical
deformation of Bi2Se3 thin films deposited on c-plane sapphire substrate can be reliably
developed. Lastly, the comparisons performed on indenters with various geometries may
also provide an efficient means to evaluate the contact-induced deformation encountered in
practical device fabrication processes, wherein the shape of the contact tip may be different
from case to case.
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Abstract: A significant decrease in resistivity by 55% under blue lighting with ~0.4 J·mm−2 en-
ergy density is demonstrated in amorphous film of metal-insulator NdNiO3 at room temperature.
This large negative photoresistivity contrasts with a small positive photoresistivity of 8% in epitaxial
NdNiO3 film under the same illumination conditions. The magnitude of the photoresistivity rises
with the increasing power density or decreasing wavelength of light. By combining the analysis
of the observed photoresistive effect with optical absorption and the resistivity of the films as a
function of temperature, it is shown that photo-stimulated heating determines the photoresistivity
in both types of films. Because amorphous films can be easily grown on a wide range of substrates,
the demonstrated large photo(thermo)resistivity in such films is attractive for potential applications,
e.g., thermal photodetectors and thermistors.

Keywords: rare-earth nickelates; epitaxial perovskite films; amorphous thin films; photoconductivity

1. Introduction

Rare-earth nickelates is a separate class of perovskite-structure metal oxides, whose
main feature is specific resistive behavior. The end-member of the series LaNiO3 (LNO)
with a rhombohedral crystallographic structure exhibits the metallic conductivity at all
temperatures. Low conductivity and superior catalytic properties make LNO attractive for
use as functional sublayers in perovskite heterostructures [1]. Other nickelates with the
orthorhombic structure display a sharp metal-to-insulator transition (MIT) from a high-
temperature paramagnetic metal state to a low-temperature antiferromagnetic insulator.
At MIT, the electrical resistivity changes by several orders of magnitude, which holds
promise for many device applications. The most attractive members are NdNiO3 (NNO)
and SmNiO3 (SNO), whose MIT temperatures TMI ≈ 200 and 400 K for bulk ceramics are
the closest to room temperature [2,3].

Nowadays, a focus in the research has moved to the investigation of epitaxial thin films
and heterostructures, which follow an in-plane structure of similar perovskite substrate.
A film–substrate mismatch in the lattice parameters introduces a strain influencing the resis-
tive behavior of the nickelate thin films as compared with their bulk analogues [4,5]. For in-
stance, the most studied NNO films subjected to a tensile strain of ~2% have TMI ≈ 170 K,
whereas a small compressive strain of <−0.3% fully suppresses MIT in these films [6–9].
Recently, TMI at room temperature range is observed in SNO/NNO repetitive heterostruc-
tures with a few unit-cell thicknesses of separate layers [10]. However, the epitaxial growth
is restricted by the selection of appropriate expensive substrates.

A hot trend of modern research is to extend the films functionality by an external
physical stimulus. One of the attractive possibilities is to stimulate MIT in nickelates by
irradiation with light [11]. However, the first attempts to switch MIT optically surmise
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the dominating influence of local sample heating due to light absorption [10,12]. Another
promising direction of modern research is to study the polycrystalline perovskite films,
which can be deposited on cheap industrial substrates [1,13–16].

We pursued two main objectives in this work. First, we comprehensively studied
the photoresistivity at room temperature in epitaxial nickelate films to clarify a physical
origin of the effect. Second, we demonstrated a strong photoresistive response in a novel
material: amorphous film of NNO. Whereas a small resistivity increase of a few percent
was observed in the epitaxial NNO films, a large drop of resistivity under irradiation
was obtained for the amorphous film of the same elemental composition. We believe that
this finding can stimulate broader research of non-epitaxial (oriented, polycrystalline and
amorphous) nickelate films, which are currently practically unexplored [13,14,17].

2. Materials and Methods

Thin nickelate films were grown by pulsed laser deposition using a KrF excimer laser
of 2 J·cm−2 energy density and ambient oxygen pressure of 20 Pa. The substrates purchased
from the MTI Corporation (Richmond, VA, USA) were kept at temperature of 700 ◦C during
the deposition [9]. In the main part of this paper, we confront the photoresistive response
in two NNO films of 80 nm thickness: one film on (001)(La0.3Sr0.7)(Al0.65Ta0.35)O3 (LSAT)
and another film on SiO2 (quartz) substrates. These films were deposited simultaneously
within the same process, which ensured their identical elemental composition. Supporting
data for other epitaxial films (LNO, NNO and SNO) of different thicknesses 20–120 nm
deposited on LSAT or (001)LaAlO3 (LAO) substrates are shown in Appendix A.

X-ray diffraction patterns were recorded by a multipurpose intelligent Empyrean
diffractometer of 3rd generation (Malvern Panalytical Ltd., Malvern, UK) using Cu-Kα ra-
diation with a wavelength 1.540598 Å. Two main films shown in Figure 1 were investigated
in the grazing incidence geometry in a 2θ range from 0 to 90◦. The epitaxial NNO film on
LSAT substrate was also measured using the Bragg–Brentano geometry in a 2θ range from
10 to 120◦. For accurate peak separation, the bare LSAT substrate was additionally inves-
tigated in the Bragg–Brentano geometry. The data were analyzed using Match! software
(version 2.4.7, Crystal Impact, Bonn, Germany).

For electrical characterization, four stripe-type golden contacts of 1 mm width sepa-
rated by 2 mm each were deposited on the top of the films (10 × 10 mm2 size) by pulsed
laser deposition at 200 ◦C through a shadow mask. Then the samples were cut into
three identical pieces of 3.2 × 10 mm2 size (photo of the samples is shown in Figure 1e).
DC resistance was measured by a digital multimeter DMM6500 (Keithley Instruments,
Cleveland, OH, USA) through USB remote interface. A precise 4-wire method was used
for the epitaxial films; the amorphous film was measured by a 2-wire method because
of its high resistance. The sample temperature was controlled by aT95 system controller
supplemented with a liquid nitrogen cooling pump LNP 95. Samples were placed inside
a HFS600E-PB4 temperature-controlled probe system (all devices are manufactured by
Linkam Scientific Instruments Ltd., Tadworth, UK) with a transparent quartz window and
4 tungsten gold-plated tip probes ensuring ohmic contacts.

Commercial laser diodes in a TO-56 CAN package were mounted inside the standard
focusing optical modules of ∅12 mm, which were integrated with a fan cooler. The emitted
optical power was controlled by a constantly applied current and calibrated by an optical
power meter PM100D equipped with a photodiode sensor S121C (Thorlabs Inc, Newton,
MA, USA). Four different high-power laser diodes were used: a blue laser (OSRAM PLPT5
447KA) with a 447 nm wavelength and a maximal optical power 1.2 W; a green laser
(OSRAM PLT5 520B) with 520 nm, up to 85 mW; a red laser (Panasonic LNCQ28PS01WW)
with 660 nm, up to 0.1 W; and an infra-red laser (ADL-80V01NL) with 808 nm, up to 0.4 W.
A central uncovered part of the films 3.2 × 2 mm2 between two inner golden contacts was
irradiated. Optical absorption of the film-substrate stacks was also estimated using the
same power meter putting the central part of the films between the laser beam and the
photodiode sensor S121C. For each laser and film, 3–4 different levels of the optical power
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were adjusted to estimate the mean absorption factor with a maximal standard error of the
averaging of 2%.

 

 

Figure 1. X-ray diffraction analysis of the studied films: (a,b) Bragg–Brentano θ–2θ scans and
(c,d) grazing incidence scans of the NNO films on (a–c) LSAT and (d) SiO2 substrates. Diffraction
peaks from the films, the LSAT substrate and the Au electrodes are marked by f, s, and e, correspond-
ingly. Details of the (002) peaks are shown in (b). (e) Photo of the films: the darker epitaxial film on
LSAT is on the left side.

3. Results

Different substrates enabled either epitaxial film growth or the creation of amorphous
structure. Epitaxial NNO films that we created on LSAT substrate (clear X-ray diffraction
peaks from the film and the substrate are shown in Figure 1a–c), and amorphous NNO
films were grown on SiO2 (the absence of the corresponding peaks is shown in Figure 1d).

Figure 2 presents the resistivity as a function of temperature for both films. As il-
lustrated by Figure 2a, the epitaxial NNO film demonstrates a typical behavior with a
pronounced MIT at TMI ≈ −105 ◦C (170 K), a narrow low-temperature hysteresis ~5 ◦C
and relevant resistivity values ρ ≈ 0.6 mΩ·cm at room temperature [3–9]. Contrary to that,
the amorphous film shows a strong insulating behavior with a fivefold exponential drop of
resistivity with a temperature increase from 26 to 70 ◦C (see Figure 2b). This dependence
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can be fitted with a good accuracy (Pearson correlation coefficient is 0.9998) using an
adiabatic polaron hopping model σT ∝ exp(−Eh/kT) [18]. The corresponding linear fit
shown in Figure 2c gives a hopping activation energy Eh ≈ 350 meV.

 
Figure 2. Resistivity temperature dependence at cooling–heating loop for NNO films on (a) LSAT and (b) SiO2 substrates.
(c) Adiabatic polaron hopping fit for the latter dependence.

Figure 3 illustrates the impact of the light irradiation on the resistive properties of both
NNO films. Few-second illumination results in a stepwise change of the films resistivity.
During 3–5 s of irradiation, the resistivity becomes stable with time if the opposite side
of the substrate is hold at 26 ◦C by the temperature controller (see Figures 4a and A1a).
For quantitative assessment of the observed photoresistive effect, illumination by the blue
laser with 0.8-W optical power is taken as a reference. Such illumination of the central films
region for three seconds providing ~0.4 J·mm−2 energy density leads to a 7.7% increase
and 55% decrease in the electrical resistivity for the epitaxial and the amorphous film,
respectively. With active temperature controller, the repeatable laser switching leads to
reversible changes in the resistivity. If the controller does not operate, additional continuous
change in the resistivity and rise in the inbuilt thermocouple reading are observed (see
Figures 4b and A1b). Five 15-s pulses of 1.2 W power increase the temperature of a massive
silver-coated stage (ceramic disk of 2 cm diameter and 1 cm thickness) by almost 10 ◦C.
The stage temperature increases continuously during each light pulse and decreases much
slower between the pulses. At continuous lighting, the resistivity change saturates after
~1000 s together with stabilization of the stage temperature on a level >40 ◦C.

  
(a) (b) 

Δρ Δρ

Figure 3. Percentage change of the resistivity for NNO films on (a) LSAT and (b) SiO2 substrates at fixed temperature
T = 26 ◦C and periodical 15-s illumination by the blue laser at different optical power: 0.2, 0.4, 0.8 and 1.2 W.
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Figure 4. Percentage change of the resistivity at lighting by the blue laser on the amorphous NNO film. (a) Optical power is
set to 0.8 W, whereas the durations of the light pulse are varied as 1, 2, 3, 4, 5, 7 and 10 s. (b) Optical power is set to 1.2 W,
whereas the temperature controller holds the temperature at 26 ◦C or does not operate. The reversible resistivity changes at
the active controller are shown by blue dashed line. In the latter case, an additional decrease in the resistivity shown by
black line is accompanied by heating of the sample stage (reading of the inbuild thermo couple is shown by red line and
referred to the right ordinate axis).

A small positive photoresistive response, similar to that presented in Figure 3a, was ob-
tained for other epitaxial NNO and LNO films in the room-temperature metallic phase (see
Figures A2 and A3). Epitaxial films of SNO with similar decaying dependences ρ(T) but
smaller resistivity values at room temperature than the amorphous NNO film display a
negative photoresistive drop, whose amplitude under the reference blue illumination of
~0.4 J·mm−2 is ~20% (see Figure A4 and Table A1).

For the epitaxial NNO film, a nearly linear increase in the resistivity with optical power
of the incident light is well correlated with its temperature dependence (see Figure 5a).
For the amorphous film, a decrease in the photoresistivity with optical power also follows
the corresponding ρ(T) dependence, as illustrated by Figure 5b (values of the film resistance
R are indicated on the right ordinate axis). Therefore, the magnitude of the resistivity drop
is not simply proportional to the incident optical power as for the epitaxial film but is an
exponential function of the power. Evidently, different resistivity temperature dependences
shown in Figure 2 are responsible for significant distinctions of the photoresistive response
in the studied films. The photoresistive effect in the case of illumination with other
light wavelengths is qualitatively the same to that obtained with the blue laser (compare
Figures 3 and A5). Quantitative difference is discussed in the next section.

55



Coatings 2021, 11, 1411

  
(a) (b) 

Ω

ρ
Ω

⋅

°

ρ
Ω

⋅

°

Ω

Figure 5. Change of the resistivity with optical power of the blue laser superimposed on the corresponding temperature
dependence for NNO films on (a) LSAT and (b) SiO2 substrates. The right ordinate axes indicate the corresponding
resistance values. The temperature controller holds T = 26 ◦C.

4. Discussion

Assuming the local film heating is the main reason of the observed photoresistive
effect, the appropriate temperature increments can be estimated from the corresponding
ρ(T) dependences shown in Figure 5. As illustrated by Figures 6 and A6, such estimated
increments ΔT are proportional to the optical power Popt, which gives a constant effective
heat capacity of the film-substrate stack. However, the slopes k of the presented linear
fits ΔT(Popt) with the Pearson correlation coefficients > 0.9996 are varied with the films
and the light wavelengths. These distinctions in the heating ability are mostly ascribed
to the different optical absorptions of the films because both substrates are transparent
and no significant reflection from the film surface is observed (see Table 1). Even visu-
ally, the epitaxial film is much darker than the amorphous one, proving a twice as high
absorption factor (see Figure 1e and Ref. [14]). Both film-substrate stacks absorb the light of
lower wavelengths better; however, this dependence is not so pronounced for the epitaxial
films. Normalization of the fit slopes k by the absorption factor α reduces the parameter
variation for the 8 considered cases: total mean values <k> = 37.3 ± 15.9 (±43%) but
<k/α> = 58 ± 3.7 (±6.4%). The latter standard deviation ~ 6% can be assigned to the light
reflection at the film surface and the film-substrate interface (estimated on a level of ~7%) as
well as to wavelength-dependent light absorption of the LSAT substrate [19,20]. Absorption
factor of the commercial crystal quartz is known to be about 10% within a broad wave-
length range from ultraviolet to far infrared light. The obtained value <k/α> = 58 ◦C/W
is physically reasonable: the energy of 3 J fully absorbed during the 3-s illumination with
1-W optical power could heat the thermally isolated substrates of LSAT and quartz by 49
and 96 ◦C, respectively.

The magnitude of the negative photoresistivity in the amorphous film can be increased
by preparing thicker films for higher optical absorption, as well as tuned by a proper
manufacturing of the sensitive film structure to optimize its resistance value. Thermal
isolation of the film can also tune the photoresistive changes. Improving the substrate-stage
contact by thermally conductive grease decreases the time of the resistivity switch up to
one second (compare Figures 4a and 7a). However, the magnitude of the photoresistive
change also decreases twice. Contrariwise, putting a sheet of paper between the substrate
and the temperature-controlled stage increases the magnitude of the photoresistive change
as well as the switching time twice (see Figure 7b).
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Figure 6. Estimated temperature increments as functions of the optical power for all light wavelengths with the correspond-
ing linear fits for NNO films on (a) LSAT and (b) SiO2 substrates.

Table 1. The slope k of the linear fits ΔT(Popt) shown in Figure 6, the measured absorption factor
α of the film-substrate stack and the ratio k/α for both NNO films and all light wavelengths λ.
The absorption factor of the bare LSAT substrate αs is shown in the fifth column.

λ, nm
LSAT SiO2

k, ◦C/W α, % k/α, ◦C/W αs, % k, ◦C/W α, % k/α, ◦C/W

447 53.5 91.8 58.3 33.6 31.2 52.8 59.1

520 53.1 88.2 60.3 26.9 25.3 41.7 60.8

660 52.8 83.8 63 24.5 19.1 36.9 51.7

808 46.6 82.8 56.3 8.8 17.1 31.2 54.6

  
(a) (b) 

Δρ Δρ

Figure 7. The percentage change of the resistivity at lighting by the blue laser on the amorphous NNO film, whose thermal
contact to the temperature-controlled stage (T = 26 ◦C) is varied. (a) Optical power is set to 0.8 W and the substrate-stage
contact is improved by thermally conductive grease. Durations of the light pulse are varied as 0.1, 0.25, 0.5, 1, 2 and 5 s.
(b) Optical power is set to 0.2 W, whereas the thermal contact between the substrate back-side and the temperature-controlled
stage is varied as follows: (i) improved by thermally conductive grease; (ii) leave in the common condition of a freely lying
sample; and (iii) a paper sheet of 0.1 mm thickness is placed between the substrate and the cooling stage.
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The achievable magnitudes of the photoresistive effect in the amorphous NNO film
can be attractive for using in thermal photodetectors [21]. This type of the light detector
utilizes the considered principle: it measures temperature rises resulting from the light
absorption. The thermal detectors are applied when photon semiconducting detectors
are ineffective, in particular, for measuring the long-wavelength infrared light and the
high-power lasers. Usually, a black coating covers the temperature sensor for homogeneous
broadband absorption. The thermal detectors expectedly suffer from their temperature sen-
sitivity; therefore, an air/water cooling is frequently used. Another strategy is to modulate
the incident light with a chopper and to estimate a dark-light relative difference. Typical
response time of the thermal detectors is a few seconds. Sensitivity of such industrial
sensors is not declared by the producers. However, the observed huge photoresistance
change ~527 MΩ/W·mm−2 with the similar time response at the reference 0.8 W blue light
illumination should be competitive (see Figure 5b).

The competitive analysis can be performed estimating an amorphous film potential
for industrial temperature sensing since the same physical principle is in play; the expo-
nential decay of the resistivity with heating is illustrated by Figures 2b and 5b. Such a
dependence is typical for thermistors with negative temperature coefficient, i.e., thermally
sensitive resistors with negative dR/dT, which are generally made of ceramics or polymers.
An important figure of merit for the thermometer layer material is the temperature coeffi-
cient of resistance α = (dR/dT)/R, whose typical values range from −3 to −6% ◦C−1 [22].
Another important characteristic of the thermistors is a so-called B value defined by Equa-
tion (1) (both temperatures are in Kelvin):

BT1/T2 =
T2·T1

T2 − T1
· ln

(
R1

R2

)
(1)

Typical B25/100 values for the thermistors with negative temperature coefficient are
between ~3000 and 5000 K. As illustrated by Figure 8, values of these parameters estimated
for the presented amorphous film are industrially competitive. This is especially true
for the range of rapid resistivity decay T = 25–75 ◦C, which is an operation range of
semiconductor electronics. Therefore, a thin film element of the amorphous NNO can be
effective as a microchip-inbuilt temperature sensor. The range of the highest R changes
can be optimized varying the NNO film thickness/length. Moreover, amorphous SNO
films are expected to provide similar resistivity decay at much higher temperatures, which
could be also industrially attractive. The thermistors are typically suitable for use within a
temperature range between −55 and 200 ◦C. For the higher temperatures in the order of
600 ◦C, thermocouples are usually used instead of the thermistors.

 

α
°

−

°

Figure 8. Temperature coefficient of resistance α and B25 value (black/red lines referred to the
left/right axes, respectively) as functions of temperature for the amorphous NNO film.
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5. Conclusions

The novel material, amorphous film of NdNiO3, demonstrates useful resistive prop-
erties at room temperature: measurable resistance ~110 MΩ, which exponentially drops
with increasing temperature (temperature coefficient of resistance is about −3% ◦C−1).
This opens a promising opportunity for developing sensitive microelectronic temperature
sensors (thermistors). A large negative photoresistivity (~55% under blue lighting with
~0.4 J·mm−2 energy density) is additionally observed in the amorphous NdNiO3 film,
which make it an attractive material for thermal photodetectors. Contrary to the epitaxial
films deposited on expensive high-quality perovskite substrates, the amorphous films can
be deposited on any industrially attractive substrates such as glass, quartz or silicon, which
provides a serious technical advantage. The presented results evidence that a local film
heating plays an important role in the observed photoresistive response. Any noticeable
excitation of the electronic states by visible and infra-red light was not observed for the
studied epitaxial and amorphous NdNiO3 films in the room temperature range. This im-
portant outcome should prevent further speculations in the field of nickelate research and
indicate challenging directions for further development of these perovskite materials.
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Appendix A

Figures A2a and A3a present the resistivity as a function of temperature for other
tested epitaxial films of NNO and LNO deposited on LSAT or LAO. All these films have
metallic resistive behavior at room temperature. Only another NNO film on LSAT of 20 nm
thickness demonstrates a similar MIT behavior as the reference epitaxial film considered
in the main text (compare Figures 2a and A2a). The rest of the tested films do not display
MIT above −190 ◦C, which is common for these materials and substrates [6–9]. Blue light
illumination with the reference optical power 0.8 W (~0.4 J·mm−2 energy density) results
in a comparable increase in the film resistivity by 5–8% (compare Figures 3a, A2b and A3b).
Figure A4a presents the resistivity as a function of temperature for tested epitaxial films of
SNO deposited on LSAT or LAO. All SNO films demonstrate insulating behavior at room
temperature with a lower resistivity drop and increasing temperature as compared to the
amorphous NNO film (compare with Figure 2b). This results in a lower photoresistivity
drop ~20%, as illustrated by Figure A4b. Table A1 compares the magnitude of the observed
photoresistive effect for all tested films at room temperature under the reference blue light
illumination with ~0.4 J·mm−2 energy density.
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Figure A1. Percentage change of the resistivity at lighting by the blue laser on the epitaxial NNO film. (a) Optical power is
set to 0.8 W, whereas the durations of the light pulse are varied as 1, 2, 3, 4, 5, 7 and 10 s. (b) Optical power is set to 1.2 W,
whereas the temperature controller holds the temperature at 26 ◦C or does not operate. The reversible resistivity changes at
the active controller are shown by blue dashed line. In the latter case, an additional increase in the resistivity shown by
black line is accompanied by heating of the sample stage (reading of the inbuild thermocouple is shown by red line and
referred to the right ordinate axis).

It is worth noting that the data presented in Figures A2b and A3b were obtained in
a simpler mode than those in Figure 3. Here the illumination was applied by supplying
a constant current to the laser diode. The disadvantage of this simple method is that the
diode is heated by ~5–7 ◦C during the first few minutes after the current supply, which
is accompanied by a loss in the emitted optical power. This causes small initial leaps
in the photoresistive profiles. During ~100 s, the laser temperature stabilizes together
with the emitted power, which was checked by the optical power meter. Additional
experiments were performed where the stabilized laser beam is chopped mechanically
(dashed profiles in Figures A2b and A3b). The photoresistive changes obtained at periodical
15-s illumination, including all data presented in the main text, were measured using the
stabilized laser, whose beam was chopped by a half-disk shutter attached to a stepping
motor.
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Figure A2. (a) Resistivity temperature dependence for other tested NNO films: two 20-nm thick films deposited on LSAT
and LAO and a 120-nm thick film on LAO. (b) Percentage change of their room-temperature resistivity at periodical 60-s
illumination by the blue laser at optical power 0.8 W.
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Figure A3. (a) Resistivity temperature dependence for other tested LNO films: two films deposited on LSAT with thicknesses
20 and 80 nm as well as a 120-nm thick film on LAO. (b) Percentage change of their room-temperature resistivity at long-term
illuminations by the blue laser at optical power 0.8 W.

By analyzing Table A1 in general, it is evident that the magnitude of the photoresistive
change can be tuned by a proper manufacturing of the sensitive film structure with defined
values of the resistivity and its derivative dρ/dT. However, the thermal factors, namely
optical absorption and heat removal, prevail. The absorption factor of the dark perovskite
films is high: ~80% for the thin 20-nm films and >90% for the thicker films (see Figure 1e).
This determines a higher heating of the thicker films. A lower heating of the films on LAO
is caused by its twice bigger thermal conductivity 10 W/m·K as compared to that of LSAT:
5.1 W/m·K. It is also proved by smaller slopes k of the linear fits ΔT(Popt) in Figure A6:
21.7 and 27.6 ◦C/W, respectively, for the blue light (20.1 and 24.1 ◦C/W for the infra-red
illumination). The corresponding ratios k/α are 28.2 and 32.1 ◦C/W, which is very close to
a half of that value obtained for the NNO film on LSAT (see Table 1).

  

(a) (b) 

°

ρ
Ω

⋅

Δρ

Figure A4. (a) Resistivity temperature dependence for other tested SNO films: two 20-nm thick films deposited on LSAT
and LAO and a 120-nm thick film on LAO. (b) Percentage change of their room-temperature resistivity at long-term
illuminations by the blue laser at optical power 0.8 W.
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Table A1. Photoresistivity parameters for all tested films at T = 26 ◦C and the reference blue light illumination of 0.8 W
power: percentage changes of the resistivity Δρ, the measured absorption factors α of the film-substrate stacks, resistivity
values ρ, derivatives dρ/dT and estimated rises of the film temperature ΔT.

Film NNO LNO SNO

Substrate LSAT LAO SiO2 LSAT LAO LSAT LAO

Thickness, nm 20 80 20 120 80 20 80 120 20 20 120

Δρ, % 7.7 7.7 4.7 7.4 −55 7.8 8.5 5.1 −24 −13.4 −18

α, % 83.7 91.8 77.2 96.5 52.8 79.8 92 96.2 80.3 71.9 86

ρ, mΩ·cm 0.277 0.6 0.21 0.34 106 0.4 0.61 0.76 25.2 22.3 99.5

dρ/dT,
μΩ·cm/K 0.61 1.1 0.57 0.88 −36·106 0.88 1 1.3 −231 −172 −731

ΔT, ◦C 36 42.7 17 29 25 35 50 30 35 20 25

  
(a) (b) 
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Δρ

Figure A5. Percentage change of the resistivity for NNO films on (a) LSAT and (b) SiO2 substrates at fixed temperature
T = 26 ◦C and long-term illumination by different lasers at optical power 0.1 W (except the green laser, which maximal
power is 85 mW).
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Figure A6. Estimated temperature increments as functions of the optical power for all light wavelengths with the corre-
sponding linear fits for (a) the 20-nm thick NNO and (b) the 120-nm thick SNO films on LAO.
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Table values of the heat capacity and the density (0.57 and 0.733 J/g·K as well as 6.74
and 2.65 g/cm3 for LSAT and quartz, respectively) are taken to estimate a heating of the
isolated substrates of 3.2 × 10 mm size in the main text.

References

1. Park, J.; Lim, Y.; Kong, S.; Lee, H.; Kim, Y.-B. Rapid fabrication of chemical solution-deposited lanthanum nickelate thin films via
intense pulsed-light process. Coatings 2019, 9, 372. [CrossRef]

2. Medarde, M.L. Structural, magnetic and electronic properties of RNiO3 perovskites (R = rare earth). J. Phys. Condens. Matter.
1997, 9, 1679–1707. [CrossRef]

3. Catalan, G. Progress in perovskite nickelate research. Phase Transit. 2008, 81, 729–749. [CrossRef]
4. Middey, S.; Chakhalian, J.; Mahadevan, P.; Freeland, J.W.; Millis, A.J.; Sarma, D.D. Physics of ultrathin films and heterostructures

of rare-earth nickelates. Annu. Rev. Mater. Res. 2016, 46, 305–334. [CrossRef]
5. Catalano, S.; Gibert, M.; Fowlie, J.; Íñiguez, J.; Triscone, J.-M.; Kreisel, J. Rare-earth nickelates RNiO3: Thin films and heterostruc-

tures. Rep. Prog. Phys. 2018, 81, 046501. [CrossRef] [PubMed]
6. Liu, J.; Kargarian, M.; Kareev, M.; Gray, B.; Ryan, P.J.; Cruz, A.; Tahir, N.; Chuang, Y.D.; Guo, J.; Rondinelli, J.M.; et al.

Heterointerface engineered electronic and magnetic phases of NdNiO3 thin films. Nat. Commun. 2013, 4, 2714. [CrossRef]
[PubMed]

7. Wang, L.; Ju, S.; You, L.; Qi, Y.; Guo, Y.; Ren, P.; Zhou, Y.; Wang, J. Competition between strain and dimensionality effects on the
electronic phase transitions in NdNiO3 films. Sci. Rep. 2015, 5, 18707. [CrossRef] [PubMed]

8. Mikheev, E.; Hauser, A.J.; Himmetoglu, B.; Moreno, N.E.; Janotti, A.; Van de Walle, C.G.; Stemmer, S. Tuning bad metal and
non-Fermi liquid behavior in a Mott material: Rare-earth nickelate thin films. Sci. Adv. 2015, 1, e1500797. [CrossRef] [PubMed]

9. Stupakov, A.; Pacherova, O.; Kocourek, T.; Jelinek, M.; Dejneka, A.; Tyunina, M. Negative magnetoresistance in epitaxial films of
neodymium nickelate. Phys. Rev. B 2019, 99, 085111. [CrossRef]

10. Liao, Z.; Gauquelin, N.; Green, R.J.; Müller-Caspary, K.; Lobato, I.; Li, L.; Van Aert, S.; Verbeeck, J.; Huijben, M.; Grisolia, M.N.;
et al. Metal–insulator-transition engineering by modulation tilt-control in perovskite nickelates for room temperature optical
switching. Proc. Natl. Acad. Sci. USA 2018, 115, 9515–9520. [CrossRef]

11. Ahn, C.; Cavalleri, A.; Georges, A.; Ismail-Beigi, C.; Millis, A.J.; Triscone, J.-M. Designing and controlling the properties of
transition metal oxide quantum materials. Nat. Mater. 2021, 20, 1462–1468. [CrossRef]

12. Mattoni, G.; Manca, N.; Hadjimichael, M.; Zubko, P.; van der Torren, A.J.; Yin, C.; Catalano, S.; Gibert, M.; Maccherozzi, F.; Liu, Y.;
et al. Light control of the nanoscale phase separation in heteroepitaxial nickelates. Phys. Rev. Mater. 2018, 2, 085002. [CrossRef]

13. Chen, B.; Gauquelin, N.; Jannis, D.; Cunha, D.M.; Halisdemir, U.; Piamonteze, C.; Lee, J.H.; Belhadi, J.; Eltes, F.; Abel, S.; et al.
Strain-engineered metal-to-insulator transition and orbital polarization in nickelate superlattices integrated on silicon. Adv. Mater.
2020, 32, 2004995. [CrossRef]

14. Sun, Y.; Wang, Q.; Park, T.J.; Gage, T.E.; Zhang, Z.; Wang, X.; Zhang, D.; Sun, X.; He, J.; Zhou, H.; et al. Electrochromic properties
of perovskite NdNiO3 thin films for smart windows. ACS Appl. Electron. Mater. 2021, 3, 1719–1731. [CrossRef]

15. Lin, T.-K.; Chang, H.-W.; Chou, W.-C.; Wang, C.-R.; Wei, D.-H.; Tu, C.-S.; Chen, P.-Y. Multiferroic and nanomechanical properties
of Bi1-xGdxFeO3 polycrystalline films (x = 0.00–0.15). Coatings 2021, 11, 900. [CrossRef]

16. Thiruchelvan, P.S.; Lai, C.-C.; Tsai, C.-H. Combustion processed nickel oxide and zinc doped nickel oxide thin films as a hole
transport layer for perovskite solar cells. Coatings 2021, 11, 627. [CrossRef]

17. Simandan, I.-D.; Sava, F.; Buruiana, A.-T.; Burducea, I.; Becherescu, N.; Mihai, C.; Velea, A.; Galca, A.-C. The effect of the
deposition method on the structural and optical properties of ZnS thin films. Coatings 2021, 11, 1064. [CrossRef]

18. Thiessen, A.; Beyreuther, E.; Werner, R.; Koelle, D.; Kleiner, R.; Eng, L.M. Quantifying the electrical transport characteristics of
electron-doped La0.7Ce0.3MnO3 thin films through hopping energies, Mn valence, and carrier localization length. J. Phys. Chem.
Solids 2015, 80, 26–33. [CrossRef]

19. Nunley, T.N.; Willett-Gies, T.I.; Cooke, J.A.; Manciu, F.S.; Marsik, P.; Bernhard, C.; Zollner, S. Optical constants, band gap,
and infrared-active phonons of (LaAlO3)0.3(Sr2AlTaO6)0.35 (LSAT) from spectroscopic ellipsometry. J. Vac. Sci. Technol. A 2016, 34,
051507. [CrossRef]

20. Müllerová, J.; Šutta, P.; Holá, M. Optical absorption in Si:H thin films: Revisiting the role of the refractive index and the absorption
coefficient. Coatings 2021, 11, 1081. [CrossRef]

21. Voshell, A.; Terrones, M.; Rana, M. Thermal and photo sensing capabilities of mono- and few-layer thick transition metal
dichalcogenides. Micromachines 2020, 11, 693. [CrossRef] [PubMed]

22. Le, D.T.; Ju, H. Solution synthesis of cubic spinel Mn–Ni–Cu–O thermistor powder. Materials 2021, 14, 1389. [CrossRef] [PubMed]

63





Citation: Sakkas, C.; Cote, J.-M.;

Gavoille, J.; Rauch, J.-Y.; Cornuault,

P.-H.; Krystianiak, A.; Heintz, O.;

Martin, N. Tunable Electrical

Properties of Ti-B-N Thin Films

Sputter-Deposited by the Reactive

Gas Pulsing Process. Coatings 2022,

12, 1711. https://doi.org/10.3390/

coatings12111711

Academic Editors: Sheng-Rui Jian

and Phuoc Huu Le

Received: 15 October 2022

Accepted: 8 November 2022

Published: 9 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

Tunable Electrical Properties of Ti-B-N Thin Films
Sputter-Deposited by the Reactive Gas Pulsing Process

Charalampos Sakkas 1, Jean-Marc Cote 1, Joseph Gavoille 1, Jean-Yves Rauch 1, Pierre-Henri Cornuault 1,

Anna Krystianiak 2, Olivier Heintz 2 and Nicolas Martin 1,*

1 Institut FEMTO-ST, UMR 6174, CNRS, ENSMM, Univ. Bourgogne Franche-Comté,
15B, Avenue des Montboucons, 25030 Besancon, France

2 Laboratoire Interdisciplinaire Carnot de Bourgogne (ICB), UMR 6303, CNRS, Univ. Bourgogne
Franche-Comté, 9, Avenue Alain Savary, BP 47 870, 21078 Dijon, France

* Correspondence: nicolas.martin@femto-st.fr; Tel.: +33-363-08-2431

Abstract: Titanium-boron-nitrogen (Ti-B-N) thin films were deposited by RF reactive magnetron
sputtering using a titanium diboride (TiB2) target in an argon + nitrogen mixture. The argon mass
flow rate was kept constant, whereas that of nitrogen was pulsed during the deposition. A constant
pulsing period of P = 10 s was used, and the introduction time of the nitrogen gas (duty cycle (dc))
was systematically varied from dc = 0 to 100% of the pulsing period. This reactive gas pulsing process
allowed the deposition of Ti-B-N thin films with various boron and nitrogen concentrations. Such
adjustable concentrations in the films also led to changes in their electronic transport properties. Boron
and nitrogen contents exhibited a reverse evolution as a function of the nitrogen duty cycle, which
was correlated with the transition from a metallic to semiconducting-like behavior. A percolation
model was applied to the electrical conductivity as a function of the nitrogen pulsing parameters,
assuming some correlations with the evolution of the Ti-B-N thin film nanostructure.

Keywords: Ti-B-N; reactive sputtering; gas pulsing; electrical conductivity; percolation

1. Introduction

The development of nanostructured thin films by reactive sputtering for a wide
range of applications is among the challenging tasks associated with creating innovative
functional materials. Binary compounds combining two metallic elements or a single metal
with a light element, such as carbon, boron, nitrogen or oxygen, have been extensively
investigated in recent decades. The addition of a third element to form ternary materials
remains relevant today, as the association of three elements may lead to the formation of
one-, two- or even multiphase systems, as well as nanocomposite materials [1–3]. As a result,
one of the most interesting features of these multiphasic materials is that their properties
can be tailored by adjusting the size, volume fraction, distribution, composition, etc., of the
appropriate phases. Among the large family of ternary compounds, many investigations
have been focused on combinations of two metals with a light and reactive element [4–8].
Two metals are commonly associated with nitrogen or carbon for hard coatings [9,10] or
with oxygen for optical applications [11,12]. Other studies report metallic oxynitrides
(MOxNy), oxycarbides (MOxCy) or carbonitrides (MNxCy) from one metal with the two
corresponding elements (i.e., oxygen + nitrogen, oxygen + carbon or nitrogen + carbon,
respectively) [13–17]. For these thin film materials, one of the challenging tasks is the high
reactivity of light elements towards the sputtered metal, which may restrain some reachable
compositions, thus limiting the range of final properties.

Among ternary compounds, the ternary metal boron nitrides, namely M-B-N, were
compiled by Rogl [18] for several metals. Such experimental data show that the phase
diagram feature strongly depends on the metal affinity towards boron and nitrogen and
that these ternary systems can be classified with respect to the chemical ability of the metal
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element to form binary borides, binary nitrides and/or ternary boron nitride compounds.
Furthermore, consistent with this compilation, most relevant works devoted to metal
boron nitride thin films make systematic claims about the key role played by nitrogen
incorporation during the processing stage. This is particularly true when metal boron
nitride films are prepared by reactive sputtering, whereby control of the process (and
the resulting film properties) strongly depends on the nitrogen partial pressure [19–22].
Titanium boron nitrides (Ti-B-N) are no exception; a phase mixture consisting of materials
with differing properties can be produced [23–25]. Because hard phases. such as TiN, TiB2,
and cubic BN, can coexist with soft phases, such as hexagonal BN or amorphous BN, the
majority of studies on Ti-B-N films have been focused on their mechanical and tribological
properties as hard and wear-resistant coatings [26–29]. It is also worth noting that enhanced
hardness and wear resistance of sputter-deposited Ti-B-N thin films have been accordingly
connected to the produced nanocomposite structure, the latter being closely related to the
film composition and thus dependent on the nitrogen partial pressure implemented during
the deposition process.

Although many investigations have been conducted with the aim of understanding the
mechanical performances of Ti-B-N films, little work has been performed on their electrical
behaviors as a function of B and N contents. It is of particular interest to determine how
electronic transport properties change as a function of B and N concentrations, as pure TiB2
and TiN materials both exhibit metallic-like behaviors. Combining these two materials
often results in optimized mechanical and tribological properties with given amounts
of TiB2 and TiN in an amorphous matrix of BN. Because BN is an insulating material
and assuming a nanocomposite structure of Ti-B-N films, the motivation of the present
study is to understand how the electrical conductivity of Ti-B-N films can be tuned vs.
light element concentration and to identify correlations with the most relevant sputtering
process parameters.

In this work, we prepared Ti-B-N thin films by reactive sputtering using the reactive
gas pulsing process (RGPP) [30]. Nitrogen mass flow was periodically supplied during the
deposition stage with an increasing time of injection. The chemical composition was first
determined so as to prove that B and N contents are adjustable by means of nitrogen gas
pulsing. Electrical properties (resistivity, charge carrier mobility and concentration) were
systematically measured, illustrating significant variations in the conductivity of Ti-B-N
films under given nitrogen pulsing parameters with increasing nitrogen concentration in
the films. Assuming a nanocomposite structure of Ti-B-N films, a percolation model is
suggested to explain their electronic transport properties.

2. Materials and Methods

Ti-B-N thin films were prepared by RF reactive magnetron sputtering. The sputtering
machine was a 110 L vacuum chamber evacuated by a cryogenic pump backed with a
dry primary pump, achieving an ultimate pressure of 5 × 10−8 mbar. A TiB2 rectangular
target (381 × 127 × 6.35 mm3; purity, 99.9%) was fixed 100 mm from the center of the
substrate holder. The argon flow rate was kept constant at qAr = 29 sccm, and a constant
pumping speed SAr = 95 L s−1 was used, leading to an argon partial pressure of 0.6 Pa.
Before any deposition, an etching period of 15 min and 250 V of bias was applied to the
substrates. Then, the TiB2 target was RF-sputtered using a constant electric power of 1 kW.
Furthermore, a presputtering time was applied for 5 min to remove the contamination
layer on the target surface and stabilize the process, leading to a target self-bias potential
of VSB = 210 V. A nitrogen flow rate of qN2 was pulsed during Ti-B-N deposition by
means of RGPP [30]. A rectangular signal was used to pulse nitrogen gas with a constant
pulsing period of P = 10 s. This period was selected because such operating conditions
correspond to a freedom of alternating between the boride- and nitride-poisoned state
and vice-versa. For all depositions, the nitrogen injection time (tON) was varied from 0 to
10 s, corresponding to duty cycles (dc (dc = tON/P)) from 0 to 100% of P. The maximum
nitrogen rate was qN2Max = 5 sccm. This value corresponds to the amount of nitrogen
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required to completely avalanche the reactive sputtering process in the nitride sputtering
mode [31]. During the tOFF time, the nitrogen mass flow rate was completely stopped
(qN2min = 0 sccm). The total sputtering pressure and TiB2 target voltage were alternated
in the range of 6.0–6.3 × 10−3 mbar and 210–220 V for tOFF and tON times, respectively.
During deposition, the substrate holder (191 × 142 mm2) was biased with a negative
voltage of 20 V, and no external heating was added. Ti-B-N films were deposited on glass
and (100) Si substrates. The deposition rate was measured based on the film thickness and
the corresponding deposition time. The latter was adjusted in order to obtain a constant
film thickness of 300 nm.

Electrical resistivity measurements from room temperature (25 ◦C) to 200 ◦C were
conducted with a homemade system equipped with an annealing hot plate using the
four-probe van der Pauw method. Carrier concentration and carrier mobility were assessed
from setup when applying a magnetic field of B = 0.8 T in a device operating according
to the van der Pauw method. Infrared analysis was performed with a Perkin Elmer
Spectrum Two Lita FT-IR spectrometer in the wavenumber range of 400 to 4000 cm−1.
The film composition was obtained by X-ray photoelectron spectroscopy (XPS) with a
PHI VersaProbe 1 system using a monochromatized and focalized Al Kα X-ray source
(hυ = 1486.7 eV, spot diameter = 200 μm). The base pressure during analysis was more
than 5 × 10−7 Pa. CasaXPS software (2.325) was used for data treatment [32].

3. Results

The deposition rate (R) of Ti-B-N films was first measured as function of the nitrogen
duty cycle (dc) (Figure 1) and obtained as the thickness measurements of the films (aver-
age of 10 measurements, giving rise to error bars of the deposition rate) by mechanical
profilometry (step height method) and the time of deposition.

Figure 1. Ti-B-N deposition rate (R) as a function of the duty cycle (dc) when a TiB2 target is
RF-sputtered and nitrogen gas is injected with a pulsing period of P = 10 s. The deposition rate
gradually changes, exhibiting a maximum dc close to 55% of P.

The evolution of deposition rate vs. duty cycle can be divided into three regions (I,
II and III in Figure 1). For duty cycles lower than 30% of P (region I), a nearly constant
rate can be assumed. The nitrogen injection time (less than 30% of P = 10 s) is too short for
full nitriding of the TiB2 target surface. The boride sputtering mode prevails, and Ti-B-N
films can be expected to exhibit characteristics similar to those of the TiB2 compound,
i.e., metallic-like behavior. An increase in duty cycle from 30% to 55% of the pulsing
period (P) (region II) gives rise to enhanced deposition rates from 10.7 to 14.6 nm min−1,
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respectively. The deposition rate exhibits a maximum for dc = 55% of P, and a further
increase in duty cycle (region III) produces a continuous and linear drop in the deposition
rate to 9.3 nm min−1 when the nitrogen gas is constantly supplied (i.e., for dc = 100%
of P). For duty cycles lower than 55% of P, the nitrogen injection time (tON time) is too
short to completely set the reactive sputtering process in the nitride mode. Alternations
between nitride and boride modes occur during tON and tOFF times, respectively. Nitride
mode prevails for duty cycles higher than 55% of P, and the TiB2 target surface becomes
increasingly covered by a nitride compound, which reduces the sputtering yield. Similarly,
nitrogen atoms are progressively incorporated into the Ti-B-N films as the nitrogen injection
tON time is increased, corresponding to the formation of a poisoning nitride layer on the
target surface and a decrease in the deposition rate. This optimized deposition rate vs.
nitrogen injection corroborates with results previously reported by Chaleix and Machet [33]
and later by Pierson et al. [34], who also obtained a maximum rate for a given range of
nitrogen flow rates. Similarly, we assigned this maximum rate of nitrogen incorporation
to the growing films and a progressive nitriding of the target leading to a decrease in the
deposition rate (typical of minimally reactive systems).

3.1. Composition and Structure

The films composition as a function of the duty cycle was first determined from XPS
analyses. XPS spectra show clear signals corresponding to Ti 2p, N 1s and B 1s peaks.
(Figure 2).

Figure 2. XPS spectra of (a) Ti 2p, (b) N 1s and (c) B 1s of Ti-B-N thin films prepared with various
duty cycles (dc).

The position of these peaks is in agreement with the results recorded by other inves-
tigators [35,36]. A curve fitting-procedure was systematically performed for all recorded
signals and for various duty cycles. The Ti 2p peak consists of three components corre-
sponding to the contributions from TiO2 (458.2 and 464.1 eV due to Ti 2p1/2 and Ti 2p3/2,
respectively), TiNO/TiN (456.7 and 462.3 eV) and TiB2 (454.3 eV), as illustrated in Figure 2a.
For the N 1s spectra (Figure 2b), decomposition leads to three contributions: NTi (396.9 eV),
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NB (398.3 eV) and NO (402.8 eV). The B 1s spectra also display three contributions assigned
to TiB2 (187.8 eV), BN (190.0 eV) and BO (192.1 eV).

For the 2p levels of titanium (Figure 2a), the decomposition is more complicated.
The contributions of TiO2 are still visible at 458.2 and 464.1 eV due to Ti 2p1/2 and
Ti 2p3/2, respectively. The main difficulty is associated with determining the contribu-
tions of TiN/TiNO on the one hand and those of TiB2 on the other hand. For each of
these compounds, the forms are complex and cannot be reduced to a simple component.
Moreover, because pure standards of TiN and TiB2 compounds are not accurately produced,
the best prepared samples were the TiN sample with 54% nitrogen and 46% titanium with
no boron detected and a sample as close as possible to TiB2 with 58% boron, 34% titanium
and 8% nitrogen (atomic concentrations). The maximum of intensity was at 456.7 eV for
TiNO/TiN and at 454.3 eV for TiB2.

For the lowest duty cycles and up to dc = 40% of P, curve fitting of Ti 2p and B 1s peaks
gives rise to signals corresponding to Ti–B bonds with TiB2 peak at 454 eV and 187 eV, as
shown in Figure 2a,c. As expected, a significant contribution of film oxidation is measured
from Ti–O and B–O bonds with TiO2 peaks at 458 and 464 eV (2p1/2 and 2p3/2 signals
in Figure 2a), as well as with BO peak at 192 eV (Figure 2c). As the duty cycle increases
(dc = 60% of P and higher), the TiB2 contribution recorded from the Ti 2p and B 1s peaks
reduces and vanishes for a constant supply of nitrogen. Similarly, the BN peak from N 1s
(398 eV) and B 1s (190 eV) becomes increasingly intense, as well as the TiN peak at 396 eV
(Figure 2b). The film oxidation remains for any duty cycle, but it mainly originates from Ti
signals (high reactivity of this metal towards oxygen), with a significant reduction in the
influence of B–O and N–O bonds, as reflected by NO and BO peaks at 400 eV (Figure 2b)
and 192 eV (Figure 2c), respectively. As expected, increasing the duty cycle from 0 to
100% of P favors the amount of Ti-N and B-N bonds, whereas that of Ti–B bonds decreases
without completely preventing film oxidation due to the high reactivity between titanium
and oxygen.

[Ti], [B] and [N] atomic concentrations in the films as a function of duty cycle (neglect-
ing the amount of oxygen due to surface oxidation) were determined based on Ti 2p, N 1s
and B 1s signals (Figure 3).

Figure 3. [Ti], [B] and [N] atomic concentrations vs. duty cycle (dc) obtained from XPS measurements.

These three elemental concentrations exhibit a continuous and smooth variation
with increased nitrogen injection time. B and N concentrations show a reverse evolution,
whereas the Ti concentration slightly reduces (note that concentrations were determined
assuming homogeneous compositions through the film thickness, which is not completely
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relevant and induces an assumed inaccuracy of ±3 at.% for the chemical concentration).
Without nitrogen pulsing (dc = 0% of P), the [B]/[Ti] atomic concentration ratio is close
to 1.8, which is lower than that of the stoichiometric TiB2 compound due to the presence
of oxygen (more than 10 at.%) and a few at.% of nitrogen. When nitrogen is constantly
injected (dc = 100% of P), nitrogen-rich Ti-B-N films are prepared with [N] content of more
than 44 at.% and [B] content of approximately 35 at.%. For duty cycles higher than 60%
of P, the three element concentrations tend to stabilize. The reverse evolution of nitrogen
and boron contents vs. nitrogen supply is in agreement with results previously reported
by Pierson et al. [37] and Han et al. [38], who also sputter-deposited Ti-B-N films from a
TiB2 target in an Ar + N2 atmosphere. WE also observed the same kind of saturation for
Ti, B and N atomic concentrations as the nitrogen flow rate increased (stabilization of the
concentrations for nitrogen injections depending on the operating conditions).

The composition of the films is plotted within the Ti-B-N ternary phase diagram
(Figure 4).

Figure 4. The composition of Ti-B-N films (blue symbols) sputter-deposited by pulsing the nitrogen
gas from dc = 0 to 100% of the pulsing period of P = 10 s within a ternary phase diagram. The
positions of TiB2, TiN and BN stoichiometric compounds are indicated, as well as quasi-binary tie
lines between the individual compounds (dashed lines).

TiB2, TiN and BN stoichiometric compounds are indicated, as well as quasi-binary
tie lines between the individual compounds (dashed lines). Nitrogen pulsing does not
produce a chemical composition evolution along the quasi-binary TiN-TiB2 line, as reported
for Ti-B-N films prepared by PACVD [39]. Instead, it moves away from such a line as the
duty cycle increases with a BN enrichment of the films, as the nitrogen supply tends to be
constant. This trend was previously reported by others [40,41], giving rise to a comparable
saturation of nitrogen content in the Ti-B-N films, even by sputtering a TiB2 target in a
pure nitrogen atmosphere. At first, as proposed by Mayrhofer et al. [42], we suggest the
formation of a composite structure composed of TiN and TiB2 nanocrystals randomly
distributed in the film and embedded into a disordered and amorphous a-BNx compound.
Assuming this nanocrystalline Ti-B-N structure, the corresponding phase proportions (mole
fractions) are 42% TiN, 10% TiB2 and 48% BN in the equilibrium phase diagram for Ti-B-N
films prepared with dc = 100% of P. As expected, reducing the duty cycle leads to reduced
contents of TiN and BN phases (e.g., for dc = 40% of P, phase proportions in mole fractions
are 28% TiN, 53% TiB2 and 19% BN). Furthermore, the use of a short nitrogen injection
time (dc = 20% of P) leads to a significant incorporation of N in Ti-B-N films due to the high
reactivity of nitrogen towards titanium and boron elements.
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The occurrence of chemical bonds can be highlighted by FTIR analyses, especially
for light elements, such as B and N. Figure 5 shows the FTIR spectra recorded for Ti-B-N
films deposited on (100) silicon and for various duty cycles. No clear signals are recorded
for duty cycles lower than 45% of P. Some peaks appear as the nitrogen injection time
increases and become more significant when the duty cycle exceeds 55% of P. A broad
asymmetric band appears close to 1390 cm−1 and clearly develops as dc reaches 90% of P,
which is mainly assigned to the characteristic absorption of hexagonal BN (in-plane B-N
bond stretching) in a Ti-B-N single layer [43,44].

Figure 5. FTIR spectra measured for Ti-B-N films prepared by pulsing nitrogen gas with an increasing
duty cycle from 0 to 90% of the pulsing period of P = 10 s.

Similarly, a broad and significant signal is measured around 738 cm−1 related to the
B-N-B bending mode occurring in the amorphous boron nitride [37], and a second signal is
associated with the transverse optical mode of the cubic BN phase at 1108 cm−1 [45,46]. A
narrow and intense peak can also be noticed at 610 cm−1, with a few weak peaks between
500 and 600 cm−1. This group of signals corresponds to Ti-N bonds (typical stretching mode
of TiN around 600 cm−1 [47]). All these FTIR signals support the formation and increasing
amount of B-N and Ti-N bonds for high duty cycles, maintaining an amorphous film
structure. These results are in agreement with X-ray diffraction analyses results in which
no diffraction peaks were detected due to boron nitride or other phases (not shown here).

3.2. Electrical Properties

The DC electrical resistivity of Ti-B-N thin films deposited on glass at room temper-
ature (ρ300K) continuously rises as a function of the duty cycle, spanning more than six
orders of magnitude as dc changes from 0 to 100% of P (Figure 6). Because the nitrogen
pulsing period is very short (P = 10 s) and as a result of variation in deposition rates
from 9.3 to 14.6 nm min−1 (Figure 1), a random N and B distribution is first produced
through the film thickness rather than a multilayered structure, which could influence
electrical conductivity, as previously reported for metal/metal oxide coatings [48]. For a dc
lower than 40% of P, the resistivity is in the range of typical metals, i.e., below 10−5 Ω m.
Afterwards, Ti-B-N films abruptly become more resistive for duty cycles between 40 and
80% of P and tend to stabilize to a few Ω m as nitrogen gas is constantly supplied. Car-
rier mobility (μ300K) and carrier concentration (n300K) at 300 K are also both influenced
by the nitrogen injection for a similar range of duty cycles. The carrier concentration is
more than 1028 m−3 for films prepared with duty cycles of less than 40% of P, typically
corresponding to metallic-like behaviors. The carrier concentration loses several orders of
magnitude as the duty cycle changes from 60 to 100% of P, where n300K = 2.9 × 1019 m−3.
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Similarly, the carrier mobility exhibits a reverse evolution with μ300K lower than a few
10−4 m2 V−1 s−1 for the lowest duty cycles, whereas it reaches 2.0 × 10−2 m2 V−1 s−1

for dc = 100% of P. As a result, this drop in conductivity is mainly assigned to the strong
decrease in the free carrier concentration, which prevails with enhanced mobility. These
significant variations in electronic transport properties of Ti-B-N films correlate with their
nitrogen enrichment and thus with an increasing amount of amorphous BN phase. These
results support conclusions previously reported by Rogl [18], who claimed that metallic-
like behavior can be expected for boron-rich compounds but that with increasing nitrogen
content, semiconducting insulating properties can be expected to develop.

Figure 6. DC electrical resistivity (ρ300K), carrier mobility (μ300K) and carrier concentration (n300K)
measured at room temperature as a function of the duty cycle (dc) of Ti-B-N thin films.

Moreover, this abrupt increase in resistivity obtained for duty cycles between 40 and
80% of P also corresponds to the transition from absorbent (metallic-like) to transparent
(semiconducting-like) Ti-B-N films in the visible region (optical transmittance spectra of
Ti-B-N films deposited on glass not shown here).

The relationship of resistivity vs. temperature also supports this gradual metal-to-
semiconducting transition as the duty cycle and thus the nitrogen content in Ti-B-N films
increases (Figure 7). A nearly temperature-independent resistivity can be noticed for the
lowest duty cycles, where ρ is maintained nearly constant from 30 to 200 ◦C, with, for exam-
ple, a negative temperature coefficient of resistance at 300 K (TCR300K) of −8.6 × 10−5 K−1

for films prepared without nitrogen pulsing. This is consistent with the results reported by
Pierson et al. [49], who also reported negative TCR values and the loss of metallic character,
even for Ti-B-N films prepared with low nitrogen flow rates. Their results also showed a
significant increase in TiBN electrical resistance for a given range of nitrogen flow rates
corresponding to negative TCRs, which is, in some ways similar, to the sudden increase
in resistivity measured for duty cycles higher than 40% of P (Figure 6). In our TiBN films,
TCR300K becomes even more negative for dc = 50% of P, with TCR300K =−3.9 × 10−4 K−1,
and a further increase in the nitrogen injection time leads to a semiconducting-like behavior,
with an exponential decrease in the film resistivity as the temperature rises. An Arrhenius
plot (electrical conductivity vs. reciprocal temperature) gives rise to an activation energy
of Ea = 12 meV for dc = 60% of P, reaching 124 meV for a constant supply of nitrogen
flow rate (dc = 100% of P). This increasing activation energy is connected to the nitrogen
enrichment of Ti-B-N films, as well as to the formation of an amorphous and insulating BN
phase. However, the highest value of activation energy is quite low compared to typical
semiconducting materials, although it remains in the order of magnitude of some nitride or
boride semiconductors, for which the temperature-dependent resistivity strongly depends
on their composition [50].
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Figure 7. DC electrical resistivity (ρ) vs. temperature (T) measured on Ti-B-N thin films deposited on
glass for various duty cycles (dc = 0 to 100% of the constant pulsing period of P = 10 s).

Our results clearly show that electronic transport characteristics of Ti-B-N films pro-
gressively but rapidly change from metallic to semiconducting behaviors as a function of
the duty cycle, in direct association with variations in composition and structure. At first
and as frequently modeled for Ti-B-N mechanical properties, we can suppose that films
exhibit a nanocomposite structure [39,42,51]. The latter is made of nanometric TiN and TiB2
crystallites (conductive phase) embedded in a disordered BN matrix (insulating medium).

Based on the sudden change in electrical properties of Ti-B-N films for a given range
of duty cycles (Figure 6) and assuming a nanocomposite structure, a percolation model was
used to describe the evolution of thin film conductivity at 300 K (σ300K) as a function of 1-ndc,
where ndc is defined as the normalized duty cycle (Figure 8). Sputtering conditions with
1-ndc = 0 correspond to the most N-rich Ti-B-N films (i.e., dc = 100% of P) and therefore the
most resistive films. Conductivity abruptly increases when 1-ndc reaches 0.4, and then tends
to saturate. This σ300K vs. 1-ndc evolution typically behaves like a percolation phenomenon.
Two electrically distinct media (insulating amorphous BN matrix and conducting TiN and
TiB2 phases) are mixed in Ti-B-N films. The proportion of the conducting phase increases
with increasing 1-ndc. As a result, the insulating–conducting transition corresponds to
the percolation threshold, which can be determined assuming an effective medium theory
(EMT) [52]. The percolation theory allows for description of the electrical conductivity of a
composite medium before and after the percolation threshold (φc) through the following
equations [53]:

σ = σi

(
φc − φ

φc

)−s
, (1)

before the percolation threshold (i.e., φ < φc), where σ = σ300K is the DC electrical conductiv-
ity at 300 K (S m−1), σi is the DC electrical conductivity of the insulating medium (S m−1),
φ = 1-ndc is the conducting phase ratio (arb. units) and s is the critical exponent in the
insulating region.

σ = σc

(
φ − φc

1 − φc

)t
, (2)

after the percolation threshold (i.e., φ > φc), where σc is the DC electrical conductivity of
the conducting phase (S m−1), and t is the critical exponent in the conducting region.
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Figure 8. DC electrical conductivity at room temperature (σ300K) vs. φ = 1-ndc for Ti-B-N thin films
(ndc is the normalized duty cycle). Red and green lines are related to the conductivity calculated from
the fitting before (Equation (1)) and after (Equation (2)) the percolation threshold. The blue line is the
best fit obtained from Equation (3).

For the full range of conducting phase ratios (φ), a phenomenological relationship, can
be used, as suggested by McLachlan et al. [54]:

(1 − φ)
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⎝ σ

1
s

i − σ
1
s

σ
1
s
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1
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⎞
⎠+ φ

⎛
⎝ σ

1
t

c − σ
1
t

σ
1
t

c − Aσ
1
t

⎞
⎠ = 0, (3)

with A = 1−φc
φc

.
The best fittings were performed from these equations, as shown in Figure 8 (red and

green lines for Equations (1) and (2), respectively). A percolation threshold of φc = 0.45
was obtained, which corresponds to dc = 55% of P. Based on the chemical compositions
determined from XPS analyses (Figure 3), this duty cycle produced comparable B and N
concentrations in Ti-B-N films. This result supports Mayrhofer et al., who claimed that this
range of compositions matches with a film composed of two nanoscale phases (2–3 nm)
encapsulated by a high-volume fraction (about 50%) of a disordered phase [38,41].

According to the experimental data at φ = 1, the conductivity of the conducting phase
is σc = 2.47 × 105 S m−1. This value is lower than that of single TiN and TiB2 films
(σTiN = 1.85 × 106 S m−1 [55] and σTiB2 = 3.52 × 106 S m−1 [56]), as the conducting phase
certainly contains defects and is composed of small grains (a few nm), although it remains
in the order of magnitude of metallic materials. With respect to the insulating medium,
results of the fits yield σi = 5.21 × 10−1 S m−1. This value is higher than conductivities
usually reported for BN compounds (σ is below 10−6 S m−1 for pure c-BN at room tem-
perature [57]). This difference is understandable, as the electronic transport properties
of BN strongly depend on crystallinity, preparation method, and the nature and type of
doping [57]. In our Ti-B-N films, the insulating matrix certainly contains a significant
amount of defects and Ti, favoring mobility and the concentration of free carriers, thus
enhancing the overall conductivity.

Critical exponents s and t are also of interest, and universal values between sun = 0.7–1
and tun = 1.6–2 are commonly reported for three-dimensional systems with an inverse Swiss
cheese model [52]. For our Ti-B-N films, fittings from experimental data lead to s = 6.1 and
t = 0.41, which different significantly from universal values. These discrepancies can be
assigned to an inhomogeneous structure of the films (percolation theory is based on perfect
spherical particles for both insulating and conducting media). Sputtering deposition at
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room temperature often leads to columnar architectures [58], and RGPP may produce peri-
odic multilayers [59]. As a result, our Ti-B-N films can be considered an anisotropic system
affecting the percolation law, as the assumed homogeneity and sphericity of media are not
fully established. However, fitting with Equation (3) and using parameters obtained from
each region allows for a reliable description of the electrical conductivity of Ti-B-N films for
the full range of duty cycles (blue line in Figure 8). This two-exponent phenomenological
percolation equation can be used to assess the complex DC electrical conductivity of Ti-B-N
films exhibiting reverse B and N concentrations.

4. Conclusions

In this study, 300 nm thick Ti-B-N thin films were sputter-deposited by RF reactive
sputtering. A TiB2 target was sputtered in a reactive atmosphere composed of Ar and
N2 gases. A reactive gas pulsing process (RGPP) was implemented to inject nitrogen
gas with a constant pulsing period of P = 10 s. The duty cycle (dc) was systematically
varied (tON injection time) in order to tune the chemical composition of the films. Nitrogen
enrichment was achieved as the dc gradually increased from 0 to 100% of P. In the same way,
the boron concentration was inversely reduced, maintaining a nearly constant Ti content.
Furthermore, increasing the nitrogen injection time favored the occurrence of B-N bonds in
the films, with a phase proportion close to 48% of BN (mole fraction) when nitrogen was
constantly supplied (dc = 100% of P).

For duty cycles between 40% and 80% of P, electronic transport properties measured
at room temperature significantly changed, with a resistivity enhancement of four orders
of magnitude, whereas carrier mobility and concentration correspondingly changed for
the same range of dc. A regular but rapid transition from metallic to semiconducting-like
behavior was highlighted as a function of the duty cycle, as supported by the resistivity vs.
temperature measurements. Assuming a nanocomposite structure in Ti-B-N films made
of nanometric TiN and TiB2 crystallites (conductive phase) embedded in a disordered BN
matrix (insulating medium), a percolation model adequately describes the conductivity of
the tunable films as a function of nitrogen injection.

These results demonstrate that the proposed nanocomposite structure for mechan-
ical properties and wear resistance of Ti-B-N films can also be applied to describe the
electrical properties of such films as a function of B and N concentrations. Furthermore,
our results indicate that the RGPP technique is a suitable approach to adjust electronic
transport properties by means of a simple and easy change in pulsing parameters. A
further incorporation of nitrogen in films would be relevant to further extend multiphase
nanostructuring growth.
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Abstract: Bismuth (Bi) having a large atomic number is characterized by a strong spin–orbit coupling
(SOC) and is a parent compound of many 3D topological insulators (TIs). The ultrathin Bi films
are supposed to be 2D TIs possessing a nontrivial topology, which opens the possibility of develop-
ing new efficient technologies in the field of spintronics. Here we aimed at studying the dielectric
function properties of ultrathin Bi/FeNi periodic structures using spectroscopic ellipsometry. The
[Bi(d)–FeNi(1.8 nm)]N GMR-type structures were grown by rf sputtering deposition on Sitall-glass
(TiO2) substrates. The ellipsometric angles Ψ(ω) and Δ(ω) were measured for the grown series
(d = 0.6, 1.4, 2.0, and 2.5 nm, N = 16) of the multilayered film samples at room temperature for four
angles of incidence of 60◦, 65◦, 70◦, and 75◦ in a wide photon energy range of 0.5–6.5 eV. The mea-
sured ellipsometric angles, Ψ(ω) and Δ(ω), were simulated in the framework of the corresponding
multilayer model. The complex (pseudo)dielectric function spectra of the Bi layer were extracted.
The GMR effects relevant for the studied Bi–FeNi MLF systems were estimated from the optical
conductivity zero-limit (optical GMR effect). The obtained results demonstrated that the Bi layer
possessed the surface metallic conductivity induced by the SOC effects, which was strongly enhanced
on vanishing the semimetallic-like phase contribution on decreasing the layer thickness, indicating
its nontrivial 2D topology properties.

Keywords: optical GMR effect; bismuth–permalloy multilayers; spectroscopic ellipsometry

1. Introduction

The relativistic effect of spin–orbit (SOC) coupling is involved in the so-called Rashba
effect [1]. This phenomenon arises from the apparent loss of crystalline inversion sym-
metry near the surface or heterojunction leading to the lifting of the spin degeneracy and
generating spin-polarized surface metallic states. In this respect, 3D (2D) topological in-
sulators (TIs) also exhibit spin-polarized surface metallic states due to SOC. However,
contrary to the Rashba effect, the surface metallic bands of a TI are determined by its
bulk characteristics. The TIs host metallic surface states in a bulk energy gap, which are
topologically protected. The surface (or interface) states of TIs can be topologically trivial or
nontrivial. In the latter case, for example, electrons cannot be backscattered by impurities.
Bismuth (Bi), having a large atomic number, is characterized by a strong SOC and is a
parent compound of many 3D TIs, such as Bi1−xSbx or Bi2Se3, even though 3D bulk Bi
itself is topologically trivial. The specific feature of the electronic band structure of bulk Bi
having R3̄m rhombohedral symmetry [2–4] is its inverted band gaps at both the Γ and M
points of the Brillouin zone due to the strong SOC. The uniqueness of Bi films associated
with surface metallic states [5,6] and the semiconductor-to-metal transition [7,8] are well
documented in the literature.

Theoretical analyses predict a 1-bilayer (BL) Bi(111) film to be a 2D TI [9,10]. If there is
no or weak inter-BL coupling, a stack of the odd–even 1-BL films will exhibit nontrivial
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to trivial oscillations of topology (where the topological number ν [11] is equal to 1 or 0,
respectively). However, for the nontrivial topology in a stack of 1-BL films, the intermediate
inter-BL coupling strength, which is, for example, higher than the van der Waals strengths,
is a mandatory condition. The direct (Γ point) and indirect band gap values were calculated
by Liu et al. as a function of the Bi film thickness [12]. It was established that below four BLs
the film is a semiconductor with the direct gap open at the Γ point and the positive indirect
band gap leading to nontrivial topology characteristic of an intrinsic 2D TI. Above four BLs
the indirect band gap becomes negative resulting in a semiconductor– semimetal transition
due to the overlapping of two bands at the Fermi level around the Γ and M points. This
suggests that the Bi films from five to eight BLs represent a 2D TI situated between two
trivial metallic surfaces [12].

A comprehensive study of the associated SOC effects in ultrathin Bi layers opens the
possibility of developing new efficient technologies in the field of spintronics. For this
purpose, here we aimed at studying the dielectric function properties of ultrathin peri-
odic structures Bi/Ni79Fe21, prepared by rf sputter deposition, which is one of the most
common technologies used to grow coatings and multilayered films (MLFs) exhibiting a
giant magnetoresistance (GMR) effect for various existing and modern nanotechnological
applications. In earlier work, we demonstrated that the electronic band structure and
surface electronic properties of ultrathin Bi layers in real GMR-type (Bi–FeNi)N MLF struc-
tures incorporating nanoisland FeNi layers could be successfully studied by spectroscopic
ellipsometry (SE) [13]. Here, by applying the elaborated SE approach, we investigated
(Bi–FeNi) MLFs, where the thickness of the FeNi layer was 1.8 nm, corresponding to the
FeNi layer structural percolation threshold [14,15], and the Bi spacer layer was 0.6, 1.4,
2.0, and 2.5 nm thick, incorporating about two, four, six, and eight Bi(012)-type planes,
respectively. We found that the Bi spacer layers have a metallic surface conductivity, which
demonstrates strongly enhanced metallicity properties on vanishing the Bi semimetallic-
like phase contribution on decreasing the layer thickness, which can be constructive in
finding new nontrivial 2D topology properties of the (Bi–FeNi) GMR-type structures for
their different nanotechnological applications.

2. Materials and Methods

The (Bi–FeNi)N MLFs were prepared in a sputter deposition system by cathode sput-
tering from 99.95% pure Bi and Fe21Ni79 targets in an alternative way. The base pressure
in a sputter deposition chamber was 2 × 10−6 Torr. The multilayers were deposited at
approximately 80 ◦C in an argon atmosphere of 6 × 10−4 Torr on insulating glassy Sitall
(TiO2) substrates. We utilized the substrates having typical dimensions 15× 5× 0.6 mm3.
The nominal thicknesses of the FeNi and Bi layers were controlled by the layer deposition
times in accordance with the material deposition rates. A series consisting of four MLF
samples was prepared. In the series of the grown (Bi–FeNi)N samples, the nominal thick-
ness of the FeNi layer was 1.8 nm, the Bi layer thickness was 0.6, 1.4, 2.0, and 2.5 nm, and
the number N of periodically repeated Bi/FeNi layers was 16. The thickness of the FeNi
layer was chosen to be 1.8 nm, matching the structural percolation threshold [14,15]. The Bi
layer thicknesses were chosen in such a way that the conditions for ferromagnetic (FM) or
antiFM coupling in the GMR-type structures would be optimized. To prevent degradation
of the MLFs, the deposited (Bi–FeNi)16–FeNi/Sitall samples were covered in situ with a
2.1 nm thick Al2O3 capping layer.

The related [Bi–FeNi(0.8,1.2 nm)]N samples prepared by rf sputtering deposition onto
the Sitall substrates under similar conditions were investigated by X-ray diffraction (XRD)
as well as by the X-ray reflectivity (XRR) experimental techniques from our previous study
(see Supplementary online information for the article [13]). The XRR spectra proved to
have a good periodicity and consistency with the corresponding nominal thicknesses of
the FeNi and Bi slices in the Bi/FeNi MLF structures, as well as a relatively low interface
roughness between the constituent layers. The XRD characterization suggested a (012)-type
Bi plane orientation, where the interlayer distance was 3.28 Å. It followed from this that
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in the studied MLF structures, the Bi layers with a thickness corresponding to 0.6, 1.4, 2.0,
and 2.5 nm incorporated two, four, six, and eight Bi(012)-type planes, respectively.

In the present study, the surface morphology of the Bi–FeNi(1.8 nm) MLF samples,
prepared by rf sputtering deposition on the Sitall (TiO2) substrates, was studied at room
temperature using an ambient AFM (Bruker, Dimension Icon) in the PeakForce Tapping
mode with ScanAsyst-Air tips (Bruker, k = 0.4 N/m, nominal tip radius 2 nm). The SE
measurements for the investigated Al2O3/(Bi–FeNi)16/Sitall samples were performed at
room temperature in a wide photon energy range of 0.5–6.5 eV using a J.A. Woollam
VUV–VASE ellipsometer (see the scheme illustrating the SE study of the (Bi–FeNi)N MLFs
in Ref. [13], Figure 1a). The measured ellipsometry spectra are represented by real values
of the angles Ψ(ω) and Δ(ω), which are defined through the complex Fresnel reflection
coefficients for light-polarized parallel rp and perpendicular rs to the plane of incidence,
tan Ψ eiΔ =

rp
rs

. The ellipsometric angles, Ψ(ω) and Δ(ω), measured for the Bi–FeNi MLF
samples were simulated using the multilayer model simulation available in J.A. Woollam
VASE software [16]. From the multilayer model simulations, the (pseudo)dielectric function
spectra of the ultrathin 0.6, 1.4, 2.0, and 2.5 nm Bi layers and 1.8 nm FeNi layer inside the
Bi–FeNi MLF structures were extracted. The corresponding calculated optical conductivity
spectra were analyzed.

3. Results

3.1. Atomic Force Microscopy Study

The retrieved 5 × 5 μm2 and 1 × 1μm2 AFM images of the Al2O3(2.1 nm)/[Bi(0.6, 1.4,
2.0, 2.5 nm)–FeNi(1.8 nm)]N/Sitall multilayered films (where the given layer thicknesses
correspond to their nominal values) presented in Figure 1a–h show a discernible contrast
because of the available surface height deviations. The surface roughness of the Sitall glass
(TiO2) substrates was investigated by AFM in our earlier publication [17]. The height profile
of the Sitall substrates (see Ref. [17], Figure 2a) demonstrated a height deviation within the
range 1–3 nm characteristic of the relatively large 0.3–1 μm lateral scale, which characterizes
the Sitall substrate surface roughness. From the AFM measurements on the areas 5 × 5 μm2

and 1 × 1 μm2 the root-mean square (RMS) surface roughness values were evaluated,
which are presented in the caption to Figure 1. The corresponding RMS roughness values
are notably higher for the Al2O3(2.1 nm)/[Bi(2.5 nm)–FeNi(1.8 nm)]16/Sitall MLF sample.
The smaller-scale (1× 1μm2) images clearly exhibit a fine grainy-like structure of the
surface morphology, which seems to be characteristic for all studied film samples (see
Figure 1e–h). The typical grain size, of about 50 nm, is notably larger for the FeNi(1.8 nm)-Bi
MLF sample incorporating the 2.5 nm thick Bi layers, and, following the estimated RMS
roughness values, the average grain size decreases to about 20 nm when decreasing the
Bi layer thickness to 1.4 nm. As one can see from the typical height profiles presented in
Figure 1i,j, when decreasing the Bi layer thickness from 2.5 to about 0.6 nm, the surface
morphology becomes highly irregular due to the formation of conglomerates of nanoislands
separated by rather flat (relatively small roughness) areas of about 20 nm.
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Figure 1. AFM images (a–d) 5 × 5 μm2 and (e–h) 1 × 1 μm2 of the Al2O3/(Bi–FeNi)16/Sitall MLF
samples, where the nominal Al2O3 and FeNi layer thicknesses are 2.1 and 1.8 nm and the nominal
Bi layer thicknesses are 0.6, 1.4, 2.0, and 2.5 nm, respectively. The estimated surface RMS roughness
values are in (a–d), 3.6, 3.0, 3.1, and 5.2 nm, and in (e–h), 3.2, 2.6, 2.7, and 5.3 nm, respectively.
(i,j) The typical height profiles for the MLF samples with the nominal Bi layer thicknesses of 0.6 and
2.5 nm, respectively.

3.2. Spectroscopic Ellipsometry Study of the Ultrathin Bi–FeNi Multilayer Film Samples

The ellipsometric angles Ψ(ω) and Δ(ω) were measured for the prepared Al2O3/(Bi–
FeNi)16/Sitall MLF samples at the angles of incidence of 60◦, 65◦, 70◦, and 75◦. Figure 2
demonstrates the ellipsometric angles Ψ(ω) and Δ(ω) recorded at 65◦ and 70◦. To model
the contributions from free charge carriers and interband optical transitions, the complex
dielectric function ε̃(ω) = ε1(ω) + iε2(ω) of the Bi and FeNi layers was interpreted in
terms of the Drude and Lorentz parts, respectively,

ε̃(E ≡ h̄ω) = ε∞ − AD

E2 + iEγD
+ ∑

j

AjγjEj

E2
j − E2 − iEγj

, (1)

where ε∞ is the high-frequency dielectric constant, which takes into account the contribu-
tion from the higher-energy interband transitions. The fitted Drude parameters were AD
and the free charge carrier’s scattering rate γD. The fitted parameters of Lorentz bands
were Ej, γj, and Aj of the band maximum energy, the full width at half-maximum, and the
ε2 band height, respectively. The obtained ellipsometric angles Ψ(ω) and Δ(ω) measured
at different angles of incidence of 60◦, 65◦, 70◦, and 75◦ were fitted for each sample si-
multaneously using J.A. Woollam VASE software [16] in the framework of the designed
multilayer model. The multilayer model for the studied Al2O3/(Bi–FeNi)/Sitall multilayers
was constructed as it is schematically presented in Figure 3, exactly so, as the layers were
deposited. In addition, we attempted to take into account the roughness properties of the
surface by using the conventional approach of effective medium approximation (EMA)
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based on the (50% Al2O3–50% vacuum) Bruggeman model. The dispersion model for the Bi
layers included three or four Lorentz terms as well as the Drude part. The dispersion model
for the 1.8 nm permalloy layers incorporated in the studied MLF structures included the
Drude term responsible for the free charge carrier contribution and one Lorentz oscillator
to account for the most pronounced interband optical transition. In addition, the dielectric
function spectra of the bare Sitall substrate derived from our earlier SE studies [18,19]
were introduced to the elaborated multilayer model. The dielectric response of the Al2O3
capping layer was represented by the tabular complex dielectric function spectra [20].
The thicknesses of the Bi and FeNi layers, as well as of the surface layers, were fitted.
The unknown parameters were allowed to vary until the minimum of the mean squared
error (MSE) was reached. The best simulation result for the studied [Bi(0.6, 1.4, 2.0, 2.5 nm)–
FeNi(1.8 nm)]16 MLF samples corresponded to the lowest obtained MSE values of 0.3843,
0.297, 0.2934, and 0.4508, respectively. The good quality of the fit allowed us to estimate
the actual Bi and FeNi layer thicknesses in the MLFs under study. The quality of the fit is
demonstrated by Figure 2, where we plotted the measured ellipsometric angles along with
the simulation results. The Drude and Lorentz parameters resulting from the simulation of
the Al2O3/[Bi(d)–FeNi(1.8 nm)]16/Sitall MLF samples are given in Tables 1 and 2, and the
resulting ε1(ω) and ε2(ω) parts of the Bi and FeNi (pseudo)dielectric function spectra are
presented in Figure 4.

Table 1. Drude–Lorentz parameters for the Bi spacer layer in the [Bi(0.6, 1.4, 2.0, 2.5 nm)–NiFe(1.8 nm)]16-
multilayered films obtained from the model simulations of the dielectric functions by using Equation (1).
The values of Ej, γj, and γD are given in eV and optical conductivity limit σ1(ω→0) in Ω−1·cm−1.

Parameters 0.6 nm 1.4 nm 2.0 nm 2.5 nm

Drude AD 46.(9) ± 4 66.(7) ± 4 24.(5) ± 4 25.(1) ± 2
γD 1.2(5) ± 0.09 1.51(0) ± 0.06 2.7(2) ± 0.4 3.1(3) ± 0.2
σ1(ω→0) 6300 ± 540 8970 ± 540 3290 ± 540 3370 ± 270

Lorentz E1 – 0.45(8) ± 0.05 0.35(9) ± 0.01 0.38(6) ± 0.004
oscillator A1 – 15.(0) ± 6 96.(0)±10 70.(8) ± 2

γ1 – 0.52(6) ± 0.09 0.79(1) ± 0.02 0.67(6)

Lorentz E2 4.67 5.31(5) ± 0.03 5.08(7) ± 0.04 4.77(5) ± 0.04
oscillator A2 10.2(7) ± 0.6 2.53(2) ± 0.05 1.2(5) ± 0.1 0.67(6) ± 0.08

γ2 4.2(1) ± 0.07 3.99(3) ± 0.07 3.4(7) ± 0.2 2.5(5) ± 0.2

Lorentz E3 11.1 7.8 7.7 7.7
oscillator A3 7.2 4.1 4.1 4.1

γ3 8.9 2.8 2.8 2.8

Table 2. Drude–Lorentz parameters for the 1.8 nm thick NiFe layer in the [Bi(0.6, 1.4, 2.0, 2.5 nm)–
NiFe]16-multilayered films obtained from the simulations of the model dielectric function described
by Equation (1). The values of E1, γ1, and γD are given in eV and optical conductivity limit σ1(ω→0)
in Ω−1·cm−1.

Parameters 0.6 nm 1.4 nm 2.0 nm 2.5 nm

Drude AD 33.(8) ± 2 15.(0) ± 1 21.(7) ± 2 13.(1) ± 2
γD 0.876(5) ± 0.04 2.8(2) ± 0.3 3.4(2) ± 0.4 3.1(3) ± 0.2
σ1(ω→0) 4540 ± 270 2020 ± 130 2920 ± 270 1760 ± 270

Lorentz E1 1.87 3.32 3.32 3.32
oscillator A1 14.76 14.28 15.23 14.74

γ1 3.62 5.88 5.65 5.95
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Figure 2. (a–d) Ellipsometric angles, Ψ(ω) and Δ(ω) (symbols), measured at the angles of incidence
of 65◦ and 70◦ for the Al2O3/[Bi(d)–NiFe(1.8 nm)]16/Sitall multilayered films where the Bi spacer
layer thicknesses d = 0.6, 1.4, 2.0, and 2.5 nm, respectively. The solid red, blue, green, and black curves
show the corresponding simulation results for a 65◦ angle by the dielectric function model using
Equation (1).

From Figure 4a,b one can see that the complex (pseudo)dielectric functions of the 0.6,
1.4, 2.0, and 2.5 nm thick Bi spacers inside the investigated Bi–FeNi MLFs demonstrate
a metallic character. Moreover, the ε1(ω) function progressively decreases while the Bi
thickness decreases from 2.5 to 2.0 to 1.4 nm and the ε2(ω) increases at low photon energies,
respectively. According to our simulation results, we expect that the best metallicity
properties are demonstrated by the Bi layer in the [Bi(1.4 nm)–NiFe(1.8 nm)]16 structure.
At the same time, the complex (pseudo)dielectric functions of the thinnest 0.6 nm thick
Bi layer look somewhat different. Here, in addition to the low-energy metallic Drude
response identified by the characteristic behavior of ε1(ω) and ε2(ω), the Lorentz band
around 4–5 eV makes an essential contribution to the dielectric function response (the
corresponding Drude (AD and γD) and Lorentz (Aj, Ej, and γj) parameters are listed in
Table 1). Next, being similar, the dielectric functions of the 1.8 nm thick permalloy layers
in the [FeNi–Bi(1.4, 2.0, 2.5 nm)] MLFs are dominated by the ε2(ω) resonance and ε1(ω)
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antiresonance features, indicating the predominant contribution from the Lorentz oscillator
peaking at around 3 eV (see Figure 4c,d). An upturn evident in the ε2(ω) at low photon
energies indicates an additional Drude contribution, which is relatively less pronounced.
Following our simulation results, we expect the advanced metallicity properties of the FeNi
layer in the [Bi(0.6 nm)–NiFe(1.8 nm)]16 structure (see the corresponding Drude (AD and
γD) and Lorentz (Aj, Ej, and γj) parameters listed in Table 2).

Figure 5a–d present the evolution of the Bi intralayer optical conductivity, σ1(ω) =
ε2(ω)ω(cm−1)/60, upon decreasing the Bi spacer layer thickness in the [FeNi(1.8 nm)–
Bi(2.5, 2.0, 1.4, 0.6 nm)]16 structures, and Figure 5e–h show the associated optical conduc-
tivity spectra of the 1.8 nm FeNi permalloy layer. Here, the contributions from the Drude
and Lorentz oscillators following the multilayer model simulations using Equation (1)
are evidently demonstrated. The presented optical conductivity spectra of the Bi and
FeNi layers follow the main trends identified in their complex dielectric function spectra
presented in Figure 4.

(a)

(b)

(  )

(d)

c

Figure 3. The multilayer model applied for the simulation of the Al2O3/[Bi(0.6, 1.4, 2.0, and 2.5 nm)–
FeNi(1.8 nm)]16/Sitall samples. The Bi and FeNi thicknesses estimated from the model simula-
tions are (a) 0.684 ± 0.037 nm and 2.082 ± 0.116 nm, (b) 1.408 ± 0.574 nm and 1.780 ± 0.65 nm,
(c) 1.764 ± 0.194 nm and 1.825 ± 0.358 nm, and (d) 2.387 ± 0.128 nm and 1.782 ± 0.171 nm.
Note the good agreement between the thicknesses of the FeNi and Bi layers estimated from the
model simulations and their respective nominal thickness values. The roughness and Al2O3

capping layer thicknesses estimated from the model simulations are (a) 0.00 ± 3.85 nm and
1.283 ± 2.37 nm, (b) 0.000 ± 4.97 nm and 4.967 ± 2.17 nm, (c) 0.848 ± 5.86 nm and 4.738 ± 2.92 nm,
and (d) 0.000 ± 2.95 nm and 5.389 ± 1.23 nm.
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Figure 4. The complex (pseudo)dielectric function spectra, ε2(ω) and ε1(ω), of the (a,b) Bi layers and
(c,d) FeNi layers in the [Bi(d)–FeNi(1.8 nm)]16 structures shown for the Bi layer nominal thickness
values d = 0.6, 1.4, 2.0, and 2.5 nm by solid red, blue, green, and black curves, respectively.

Figure 5. The intralayer optical conductivity, σ1(ω) = ε2(ω)ω[cm−1]/60, for the (a–d) Bi layers and
(e–h) FeNi layers in the [Bi(d)–FeNi(1.8 nm)]16 structures shown for the Bi layer nominal thickness
values d = 2.5, 2.0, 1.4, and 0.6 nm by solid curves (a,e) black, (b,f) green, (c,g) blue, and (d,h)
red, respectively. The contributions from the Drude term and the Lorentz oscillator in (a–d) are
displayed by the yellow- and cyan-shaded areas. In (e–h), the Drude term for the FeNi layers is
displayed by the magenta-shaded area. Shown by the dotted curves are the summary of the Drude
and Lorentz contributions.
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4. Discussion

Initially, we would like to discuss the GMR effects relevant to the studied MLF sys-
tems. Our simulations of the dielectric functions for the 1.8 nm thick NiFe layer inside
the [Bi(0.6,1.4,2.0,2.5 nm)–NiFe(1.8 nm)] MLFs showed the presence of the Drude term
complemented with the pronounced Lorentz band located at around 2–3 eV (see Table 2).
From the corresponding optical conductivity spectra presented in Figure 5e–h one can
notice that the associated Drude dc limit, σ1ω→0, displays an oscillating character (in agree-
ment with the results deduced for the corresponding Drude parameter AD, see Table 2
and Figure 6). We can expect that the Bi spacer thicknesses for which the FeNi layers are
preferentially antiFM-coupled in the studied MLFs are around 1.4 and 2.5 nm implying
that the [Bi(1.4,2.5 nm)–NiFe(1.8 nm)]16 film structures will exhibit a drop in resistance
(being negative magnetoresistance) when exposed to an external magnetic field. It is well
known from the literature that the first antiFM maximum exhibits a negative magnetore-
sistance of about 20%, while the second antiFM maximum decreases to about 10%, and
the presence of the third antiFM maximum cannot confidently be retrieved (see, for exam-
ple, [21] and references therein). Using a simple model of a two-current series resistor [22],
the magnetoresistance ΔR

R can be estimated as

ΔR
R

= 100%
(α − β)2

4
(

α + dBi
dFeNi

)(
β + dBi

dFeNi

) , (2)

where dBi and dFeNi are the thicknesses of the Bi and FeNi layers, and α =
↓ρFeNi

ρBi
and

β =
↑ρFeNi

ρBi
are the ratios of the resistivity in the FeNi layer to that in the Bi layer in the

spin down and spin up current channel, respectively. Exploiting values for ρ = σ−1
1ω→0

estimated for the 1.4 nm Bi and 1.8 nm FeNi layers from the current model simulations
(see Tables 1 and 2), namely, ρBi= 1

8970 Ω·cm, ↓ρFeNi= 1
2020 Ω·cm, and ↑ρFeNi = 1

4540 Ω·cm (the
latter estimate is given by the FM coupling for the 0.6 nm Bi spacer), we obtain α = 4.4,
and β = 2.0. Then, using Equation (2), we have ΔR

R =10%. This means that the 1.4 nm Bi
spacer corresponds to the second antiFM maximum. Following the same approach for
the 2.5 nm Bi spacer, where ρBi = 1

3370 Ω·cm, ↓ρFeNi = 1
1760 Ω·cm and ↑ρFeNi = 1

2920 Ω·cm
(corresponding to the FM coupling for the 2.0 nm Bi spacer), we obtain α = 1.9 and β =
1.2. Using Equation (2), we have ΔR

R =1.4%, which may correspond to the very weakly
pronounced third antiFM maximum. From the analysis presented above, we may expect
that the first antiFM maximum, corresponding to the magnetoresistance of about 20%,
occurs for the Bi spacer thickness of about 0.9 nm, which is in agreement with the results
presented in [21].

Further, in the XRD patterns of the investigated Al2O3/[Bi(1.4,2.0,2.5 nm)–NiFe(1.8 nm)]
16/Sitall film samples, the peak of the R3̄m crystalline Bi phase was identified at 2θ ≈ 26.2◦
suggesting a (012) orientation of the Bi layers, which is characterized by the interlayer
distance of 3.28 Å. Using STM and reflection high-energy electron diffraction (RHEED)
techniques, it was shown that the initial growth of Bi(012)-type films occurs in the form of
islands with a height increment of about 6.6 Å, indicating an even-number layer stability
leading to the laterally flat morphology of the Bi(012)-type islands [23]. Consequently,
we can expect that the 0.6, 1.4, 2.0, and 2.5 nm Bi spacer layers in the investigated MLFs
incorporate about two, four, six, and eight (012)-type Bi planes, respectively.

The model simulations for the [Bi(2.5, 2.0 nm)–FeNi(1.8 nm)]16 film samples revealed
that the low-energy dielectric function of the Bi intralayers had competing contributions
from the Drude term and from the intense Lorentz band around 0.36–0.39 eV with a ε2
maximum height of 70–100 (see Table 1). The Drude and Lorentz contributions were more
clearly pronounced in the corresponding optical conductivity spectra (see Figure 5a,b).
The obtained Drude and Lorentz parameters were in excellent agreement with those de-
duced in our previous study [13] for the Bi spacer layer incorporated in the [Bi(2.5, 2.0 nm)–
FeNi(1.2 nm)]16 structures under study. The pronounced Lorentz band found at low photon
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energies for Bi single crystals (rhombohedral symmetry, space group R3̄m) [24,25] and bulk
Bi layers [26,27] is characteristic of the semimetallic-like electronic band structure due to
the contributions from the interband transitions near the Γ point, Γ+

6 – Γ−
6 and Γ+

45 – Γ−
6 [2],

and near the T point, T−
6 – T−

45 [4]. The estimated values (see Table 1) of the Drude dc
limit σ1ω→0 (2750–3830 Ω−1·cm−1) as well as the free charge carrier’s γD (2.3–3.3 eV) were
consistent with those characteristic of the metallic surface states related to the Rashba
SOC in Bi(111) films, σ1ω→0 = 2300 Ω−1·cm−1 and γD = 2.0 eV) [6]. Meanwhile, the model
simulation for the [Bi(1.4 nm)–FeNi(1.8 nm)]16 structure indicated that for the 1.4 nm Bi
layer, the Drude dc limit significantly increased to 8970 ± 540 Ω−1·cm−1, while the γD
essentially decreased to 1.50 ± 0.06 eV. In this case, the Lorentz band was nearly suppressed.
The associated found Drude parameters for the ultrathin Bi layer inside the [Bi(0.6 nm)–
FeNi(1.8 nm)]16 structure were slightly different, namely, σ1ω→0 = 6300 ± 540 Ω−1·cm−1

and γD = 1.2 ± 0.1 eV, and the Lorentz band was clearly not present (see Figure 5c,d and
Table 1).

Thus, we discovered that, on the one hand, the optical conductivity spectra of the
2.0 and 2.5 nm thick Bi spacer layers in the (Bi–FeNi) MLFs incorporating eight and six
Bi(012)-type monolayers, respectively, had contributions from the pronounced low-energy
Lorentz oscillator and from the free charge carrier Drude term (for details, see Figure 5a,b
and Table 1). Here, the presence of the low-energy Lorentz band points on the Bi semimetal-
lic phase contribution and the parameters obtained for the Drude conductivity indicate
that its origin can be associated with the surface metallic states [6]. Therefore, the 2.0 and
2.5 nm Bi layers can be associated with the semimetallic Bi phase sandwiched between two
metallic layers on the top and bottom surfaces. On the other hand, the contribution from
the intrinsic Lorentz band was strongly suppressed for the 1.4 and 0.6 nm layers, where the
Drude conductivity displayed notably improved metallicity properties, as one can see from
the optical conductivity spectra shown in Figure 5c,d (for details, see Table 1).

From the above discussion of the obtained results, we can conclude that the Bi layer
consisting of four Bi(012)-type monolayers represents a kind of crossover regarding the
contributions from the semimetallic Bi phase and/or surface metallic-like states. Here,
we notice some similarity with the theory results presented for the ultrathin Bi(111) lay-
ers by Liu et al. [12]. In their paper, it was established that below four Bi(111) BLs the
film is a semiconductor with a direct gap open at the Γ point and a positive indirect
band gap, leading to a nontrivial Z2 topology (ν = 1) characteristic of an intrinsic 2D TI.
However, above four Bi(111) BLs, the indirect band gap becomes negative resulting in a
semiconductor–semimetal transition, due to the overlapping of two bands at the Fermi
level around the Γ and M points. It was argued by Liu et al. [12] that the Bi layers
consisting of five to eight Bi(111) BLs represented a 2D TI placed between two “trivial”
metallic surfaces [12]. This means that for the surface considered as an individual 2D
system, its Z2 number is trivial (ν = 0). The surface bands have no contribution to the
nontrivial Z2 topology and, therefore, these trivial metallic surfaces are not robust and can
easily be removed by surface defects or impurities. We found [13] that the Bi layers in the
[Bi(2.0, 2.5 nm)–FeNi(0.8 nm)] multilayers, incorporating the nanoisland permalloy layer,
exhibited bulk-like semimetallic properties of the electronic band structure, although the
surface (Drude) metallic conductivity was absent there (see Ref. [13], Figure 4d). Indeed, a
strong magnetic and spatial disorder induced by magnetic FeNi nanoislands, as well as
long-range many-body interactions between the magnetic moments of permalloy nanois-
lands [17], may lead to a specific localization of free charge carriers [28]. However, the sur-
face conductivity (or interface) states for the 1.4 nm layer in the Bi–FeNi(1.8 nm) multilayers
may be topologically nontrivial and, in this case, the electrons cannot be backscattered
by impurities. Here, the Drude dc limit was 8970 ± 540 Ω·cm−1 and the scattering rate
γD = 1.5 ± 0.06 eV. We found that the 0.6 nm thick Bi layer exhibited somewhat different
Drude dc limit (6300 ± 540 Ω·cm−1) and γD (1.2 ± 0.1 eV), see Table 1 and Figure 6, which
can be attributed to the discontinuous nanoisland structure of this layer.
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Finally, we would like to note that it will be challenging to investigate the dc transport
and superconductivity properties of the ultrathin Bi films possessing 2D TI surface states
following the approach presented in [29], where the subkelvin superconductivity without
any external stimuli was discovered in 3D TI Cd3As2 films [30,31].

Figure 6. (a,b) Parameters of the Drude term (AD and γD) for the Bi (filled symbols) and FeNi (empty
symbols) layers in the [Bi(0.6, 1.4, 2.0, 2.5 nm)–FeNi(1.8 nm)] MLF structures.

5. Conclusions

In summary, using wide-band (0.5–6.5 eV) spectroscopic ellipsometry, we studied
the optical properties of the [Bi(0.6, 1.4, 2.0, 2.5 nm)–FeNi(1.8ṅm)]16 MLFs prepared by rf
sputtering. The XRD analysis suggested that the 0.6, 1.4, 2.0, and 2.5 nm Bi layers in the
studied MLFs corresponded to about two, four, six, and eight Bi(012)-type monolayers,
respectively. From the multilayer model simulations of the measured ellipsometric data, we
extracted the Bi and FeNi layer dielectric functions. The dielectric function for the 2.0 and
2.5 nm Bi spacer layers were represented by the Drude resonance due to the surface states
and the low-energy Lorentz band peaking at around 0.3–0.4 eV. The pronounced Lorentz
band was characteristic of the semimetallic bulk-like Bi electronic zone structure due to the
contributions from the interband transitions near the Γ point. We discovered that the 2.0
and 2.5 nm Bi spacer layers could be associated with the semimetallic Bi phase sandwiched
between two trivial (where the topology number ν = 0) metallic layers on the top and
bottom surfaces. The contribution from the low-photon-energy Lorentz band was strongly
suppressed for the 1.4 and 0.6 nm Bi layers, where the Drude conductivity displayed
notably improved metallicity properties. This indicated that the Bi layer consisting of four
Bi(012)-type monolayers represented a kind of crossover regarding the contributions from
the semimetallic Bi phase and/or surface metallic-like states. Therefore, the properties of
Bi layers below four monolayers may be associated with the nontrivial topology (where
the topology number ν = 1) characteristic of an intrinsic 2D TI. We expect that the Bi
layers having thickness of 0.9 nm will exhibit a maximal GMR effect of about 20% in the
(Bi–FeNi) MLFs, where the Drude dc limit is about 8970 ± 540 Ω·cm−1. These states may
be protected from backscattering, which makes them promising in spintronic devices and
quantum computing.
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Abstract: Copper indium oxide (CuInOx) thin films were deposited by the RF magnetron sputtering
technique using a Cu2O:In2O3 target at varying substrate temperatures up to 400 ◦C. Mutually
exclusive requirements of having a p-type thin film along with increased conductivity and high trans-
parency were achieved by controlling the migration of indium oxide phases during the sputtering
process, as verified by the XPS studies. A morphological study performed using SEM further con-
firmed the crystallization and the grain growth (95–135 nm) with increasing substrate temperatures,
resulting in superior conductivity and an enhanced transparency of more than 70% in the 400–700 nm
range. This is due to the controlled replacement of copper sites with indium while maintaining the
p-type characteristic of the thin film. Optical studies carried out on the films indicated a bandgap
change in the range of 2.46–2.99 eV as a function of substrate heating. A p-CuInOx/n-Si heterojunc-
tion was fabricated with a measured knee voltage of 0.85 V. The photovoltaic behavior of the device
was investigated and initial solar cell parameters are reported.

Keywords: CuInOx; substrate temperature; RF sputtering; XPS; transparent heterojunction; optical bandgap

1. Introduction

Transparent conducting oxides (TCOs) have unique optoelectronic properties which al-
low visible light to pass through while having reasonably high electrical conductivity [1–3].
TCOs have a variety of applications ranging from uses in solar cells, optical displays,
reflective coatings, light emission devices, low-emissivity windows, electrochromic mirrors,
UV sensors, and windows, defrosting windows, electromagnetic shielding, and transparent
electronics [4,5]. The conductivity of TCOs can be tuned from insulating via semiconducting
to conducting. Their transparency can also be adjusted depending on the donor/acceptor
levels as well as the bandgap of the material. This enables the realization of both n-type and
p-type TCOs, which make them highly attractive for transparent opto-electrical circuitries
and technological applications. Most research activities have focused on the optimization
of n-type TCOs [6–9], but many transparent electronic applications require the necessity of
p-type TCOs as well.

Various techniques have been proposed to obtain p-TCO thin films with better electri-
cal and optical properties. In spite of that, the conductivity of p-TCO thin films is still one or
two orders of magnitude less than that in the corresponding n-TCO thin films. Increasing
the conductivity of p-TCO thin films without sacrificing their visible transmittance is the
most significant challenge for p-TCO technology in order to obtain high-performance active
devices suitable for “Invisible Electronics” [10]. It may be noted that p-type transpar-
ent oxide semiconductors based on CuAlO2, CuGaO2, CuInO2, SrCu2O2, and LaCuOCh
(Ch = chalcogen) have been reported [11]. Copper indium oxide–copper aluminum oxide
and copper gallium oxide-based thin-film materials have emerged as the front runner for
possible p-type TCO applications [10–13]. Of the copper-based systems, the CuInO2 system
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is particularly interesting because it can be doped with both p-type (with Ca) and n-type
(with Sn), allowing p–n homojunctions to be produced. The synthesis of Cu2In2O5 has been
reported only using either smelting [14] or chemical processes, which involve synthesizing
Cu2In2O5 from aqueous solutions of nitrates, chlorides, and sulfates of Cu, In, and Ga [15].
Therefore, the realization of p-type TCOs has been rather challenging and involves the use
of chemicals that present levels of toxicity and low yield or smelting which results in a high
thermal budget for the fabricated device.

However, recently, Nair et al. fabricated a transparent thin-film p–n junction consisting
of Ca and tin-doped CuInO2 [16] by oxygen plasma-enhanced reactive thermal evaporation.
This allows for the scalable physical vapor phase deposition of the desired thin films. [10]
Thus, there is a need to realize p-type TCOs which offer high yield, scalability, and low
cost. RF magnetron sputtering of TCO sources, if controlled in situ, can lead to high
uniformity and homogeneity, along with the ability to control the film thickness and
deposition rate. It also allows for large-area deposition at a relatively low cost and optimum
thermal budget [7,12,13,17–19].

In this work, we investigate the realization of p-type CuInOx thin films by RF mag-
netron sputtering and study the effects of substrate heating for the in situ controlling of the
optoelectronic and morphological properties. It is seen that substrate heating influences
the material characteristics more significantly than post-deposition annealing [13]. We
can tailor the thin-film characteristics in situ to initiate crystalline growth and control the
proportion of indium oxide or copper oxide phases to improve the transparency while
retaining the p-type characteristics of the thin film at a reduced thermal budget as compared
with post-deposition annealing [13]. Scanning electron microscopy imaging has been used
to obtain the grain size of the film and UV-Vis spectral measurements have been carried
out for transmittance studies. XPS analysis of the thin films has also been carried out to
identify the oxidation state and bonding configurations of Cu, In, and O in copper indium
oxide films. Junction studies of the p-type CuInOx have been investigated with n-Si and
ITO for demonstrating heterojunction behavior, which can potentially find applications in
transparent electronics, photodetectors, and solar cells.

2. Experimental Details

2.1. Deposition of Copper Indium Oxide Thin Films with Substrate Heating

Thin films of copper indium oxide (CuInOx) were deposited using radio frequency (RF)
magnetron sputtering. MAK 2 sputter gun (San Jose, CA, USA) was driven by a Dressler
Cesar 136 FST RF Generator (Denver, CO, USA) and an Advanced Energy VarioMatch-1000
matching network (Fort Collins, CO, USA). The deposition pressure was 10 mTorr, having
an argon (Ar) flow of 10 sccm. All the depositions were performed at a power of 100 W on
silicon/quartz substrates. The deposition pressure, argon flow and deposition power were
chosen based on the optimal deposition rate during the sputtering process. Acetone and
methanol were used to clean the substrates and they were rinsed with deionized water and
blow dried with a nitrogen gun prior to the deposition.

A 2” powder-pressed target of Cu2O/In2O3 (1/1 mol%, 99.9% purity), ACI Alloy Inc.
(San Jose, CA, USA), was used as a sputtering target. Highly dense single-phase targets for
CuInO2 thin-film growing are still challenging, therefore a Cu2O–In2O3 composite target
instead of a CuInO2 single-phase target was used in this study. Furthermore, having the
composite target allows for more flexibility in controlling the Cu2O and In2O3 phases in
the deposited thin film. The target and the substrate separation was maintained at 5 cm to
achieve a uniform film thickness. Base pressure of 5 × 10−6 Torr was achieved before initi-
ating the deposition. The deposition rate was measured for varying substrate temperatures.
The thickness was measured using a Veeco Dektak-150 profilometer (Plainview, NY, USA).
All films were deposited with a thickness of 2000 Å at the different substrate temperatures.
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2.2. Morphological and Optical Studies of Copper Indium Oxide Thin Films

A field emission scanning electron microscope, Zeiss ULTRA-55 FEG SEM (Zeiss
Microscopy, White Plains, NY, USA), was used for morphological studies. An acceleration
voltage of 5 kV was used for the imaging at a working distance of 0.2 mm. A Cary 100
UV–Vis spectrophotometer (Varian Analytical Instruments, Walnut Creek, CA, USA) was
used to measure the transmittance for a wavelength range of 300–800 nm. The composition
of the films was determined using ESCALAB 250 Xi + X-ray photoelectron spectroscopy
(XPS) by Thermo Fisher Scientific with a monochromatic Al Kα source (1486.7 eV). To
remove the surface oxygen, a monatomic EX06 ion source (4 kV) was used to perform ion
milling of the film surface for 30 s prior to the measurements. Thermo Fisher Scientific
Avantage (software version 5.9902) was used to identify the elemental composition and
fit the XPS peaks. A smart Shirley function was used to subtract the background for the
XPS spectra. The peak fitting was performed by using a mixed Gaussian function after
background subtraction.

2.3. Fabrication of CuInOx Heterojunctions and Electrical Studies

(a) The 1–20 Ω-cm n-type silicon was used to fabricate the Si heterojunctions. Alu-
minum, as the contact for the n-type silicon, was deposited on the backside of the silicon
using the thermal evaporation technique. Post annealing at 400 ◦C for 30 min in N2
ambiance was conducted before depositing the CuInOx thin films. Figure 1a shows the
structure of the fabricated device.

Figure 1. Device schematic for (a) n-Si/p-CIO heterojunction and (b) quartz p-CIO/n-ITO heterojunction.

(b) A quartz substrate was used to fabricate the heterojunction on a transparent
platform. In total, 4000 Å of copper indium oxide films were deposited with a substrate
temperature of 400 ◦C. A 1 cm × 1 cm area was opened and the rest of the area was masked
using aluminum foil, and indium tin oxide was deposited by RF magnetron sputtering
(100 W, 10 mTorr, 10 sccm Ar) at room temperature (RT) to obtain a thickness of 4000 Å.
A mask with several holes (1 mm diameter) was used to deposit aluminum contacts on
copper indium oxide (p-type) as well as indium tin oxide (n-type). Figure 1b shows the
structure of the fabricated device.

3. Results and Discussions

3.1. Deposition and Morphological Studies

Figure 2 shows the thickness of the obtained films after 5 min of deposition at varying
substrate temperatures. It is seen that the final thickness obtained at higher temperatures
reduces, which may be attributed to higher thin-film densities and lower porosities [6]. It is
interesting to point out here that the substrate temperature also increases due to collisions
from secondary electrons [20].
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Figure 2. Thickness of CuInOx films at varying substrate temperatures after 5 min of sputtering process.

Figure 3 shows the SEM images of as-deposited CIO thin films as well as those
obtained at substrate temperatures of 200, 300, and 400 ◦C. Changes in the morphology
were identified as the substrate heating temperature was increased. Films with a substrate
deposition temperature of 200 ◦C displayed the presence of very small grains, as shown
in Figure 3b with respect to the film deposited at room temperature. Thus, a minimum of
300–400 ◦C is required to initiate nanocrystalline growth, as evidenced in the figure. The
grain size of 10–30 nm was obtained for the films deposited at 300–400 ◦C. It is worthy
to note that the crystallization occurs at a much lower temperature as compared with
post-deposition annealing, which is typically at 500 ◦C and above. Therefore, a significant
reduction in thermal budget is achieved by the process of substrate heating during the RF
magnetron sputtering process.

Figure 3. Cont.
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Figure 3. SEM images of CuInOx films on quartz: (a) room temperature, (b) substrate temperature of
200 ◦C, (c) substrate temperature of 300 ◦C, (d) substrate temperature of 400 ◦C.

3.2. XPS Analysis

Figure 4a(i–iv) shows the XPS spectra obtained from the CuInOx films sputtered at
room temperature, 200, 300, and 400 ◦C, respectively. Peaks pertaining to Cu, In, and O
were identified in the obtained XPS survey spectra shown in Figure 4a(i–iv), confirming the
phase purity. From Figure 4b(i–iv), two strong peaks are obtained at 933.8 eV and 953.7 eV,
belonging to Cu 2p3/2 and Cu 2p1/2, respectively [21]. The presence of Cu2+ species was
confirmed by the satellite peaks between 940 and 950 eV. Figure 4c(i–iv) shows the 3d5/2
and 3d3/2 indium core levels at a binding energy of 444.1 and 451.7 eV [21]. Oxygen 1 s
core level, Figure 4d(i–iv), was fitted with three Gaussian peaks located at 529.5, 531.3,
and 532.5 eV (marked 1, 2, and 3), respectively. Peak 1 is attributed to oxygen attached
to In (+3) while peak 2 is attributed to oxygen attached to Cu (+1). Peak 3 is attributed
to strongly chemisorbed oxygen which is normally observed at 532.2 eV [21]. It is seen
from Figure 4d(i–iv) that the strength of peak 2 reduces relative to that of peak 1. This
indicates that there is a controlled addition of indium oxide phases to the thin film as a
result of substrate heating while maintaining sufficient copper oxide phases. The addition
of the indium oxide phases causes the thin film to become more transparent while the
optimal presence of copper oxide phases enables the film to retain its p-type characteristics.
This relative addition of indium oxide phases is due to the loss in the copper oxide phases
due to the possible desorption of copper oxide at elevated temperatures. The ratio of the
area of the peaks corresponding to indium oxide and copper oxide was performed for
room temperature, 200, 300, and 400 ◦C. It is seen that the ratio of In2O3:Cu2O increases
as 0.98, 1.02, 1.06, and 1.11 with respective substrate temperatures corresponding to room
temperature, 200, 300, and 400 ◦C. This is also validated by the transmittance measurements
for transparency as well as hot probe measurements for the p-type behavior [18].

Figure 4. Cont.
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Figure 4. (a) XPS spectra of CuInOx thin films with (b) copper peaks, (c) indium peaks, and (d) oxygen
peaks. (i–iv) correspond to room temperature, 200 ◦C, 300 ◦C, and 400 ◦C, respectively.

3.3. Optical Analysis and Bandgap

Figure 5 shows the percentage transmission for the films deposited on quartz sub-
strates at room temperature, 200, 300, and 400 ◦C. Overall, the optical transmission increases
for the films deposited at higher temperatures. This is because of the controlled relative
increase in the indium oxide phases at the copper oxide sites as already verified by the XPS
analysis. It is seen that the percentage increase in transmittance varies up to 25%–100%
between wavelengths of 400 and 700 nm for a substrate temperature of 400 ◦C, which may
be attributed to the higher transmission of indium oxide over that of copper oxide as the
relative concentration of indium oxide increases with an increase in substrate temperature.

The optical bandgap of CuInOx thin films were calculated using the Tauc plot method [22,23]
based on the optical transmission data. The absorption coefficient α was calculated directly
from the transmission data as the reflectance was less than 5%. Absorption coefficient α
was calculated using Equation (1), where d is the thickness of the film equal to 200 nm, and
T is the percent of transmission. The optical bandgap (Eg) was estimated from Equation (2),

α =
1
d

ln
(

1
T

)
(1)

(αhv)1/n = B (hv − Eg) (2)

where hν is the photon energy, B is a constant, Eg is the optical bandgap, and n = 1/2 for the
direct bandgap transition [21]. As demonstrated by Singh et al. [21], the best linear fit in the
optical absorption region to the (αhν)1/n versus energy curves were obtained for n = 1/2,
implying our thin-film material has a direct band gap. Figure 6 shows the generated Tauc
plot. The linear region of the curve was extrapolated to the x-axis to identify the Eg value.
The extrapolated values of the bandgap are listed in Figure 6. The bandgap was in the range
of 2.46–2.99 eV for temperatures ranging from room temperature to 400 ◦C (Figure 6). It is
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worth mentioning that an increase in the bandgap with temperature is also attributed to the
relative increase in the indium oxide phases as it has a higher bandgap than copper oxide.

 

Figure 5. (a) Transmittance spectra of CuInOx films on quartz at different temperatures during
deposition. (b) Percentage increase in transmittance for the deposited films due to the effect of
substrate heating with respect to room temperature deposition.

 
Figure 6. Tauc plots of the CuInOx thin films deposited at different substrate temperatures.

3.4. Electrical Studies

For the fabricated device structures, as outlined in Section 2.3, the I-V characteristics
were performed. All the films were deposited at 400 ◦C as the films deposited at 400 ◦C
had the highest transmission and also showed crystalline grains, as evidenced in the SEM
images (Figure 3). For the silicon-based device, a knee voltage of 0.85 V was obtained. The
value is similar to that of other such heterojunctions reported in the literature [16]. The
I-V characteristics are depicted in Figure 7a,b, which shows n-Si/p-CIO heterojunction
behavior. Light characteristics were also performed on the device, and an open-circuit
voltage (VOC) of 50 mV and short-circuit current (ISC) of 5 μA were obtained. This con-
firms that the device is suitable for optoelectronic applications including solar cells and
photodetectors. Figure 7c,d shows the I-V characteristics for the quartz-based p-CIO/n-ITO
heterojunction with a knee voltage of 1.6V which is close to that of similar heterojunction
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devices [16,24]. The I-V characteristics again confirm a p-CIO/n-ITO heterojunction which
has many potential applications in transparent electronics as both the layers have very high
transmittance. Figure 8 shows the photomicrograph of the fabricated device on a quartz
substrate showing a high transparency.

 

Figure 7. I-V characteristics of (a,b) n-Si/p-CIO heterojunction and (c,d) quartz p-CIO/n-ITO hetero-
junction with knee voltages.

 

Figure 8. Photomicrograph of the fabricated device on a quartz substrate showing a high transparency.

100



Coatings 2022, 12, 500

4. Conclusions

Copper indium oxide (CuInOx) films, having a p-type behavior along with high trans-
parency and superior electrical conductivity, were deposited by RF magnetron sputtering.
This control over the electrical, morphological, and optical properties was obtained in situ
by varying the substrate temperature during the deposition process. While the p-type
nature was controlled by the presence of the copper oxide phases in the deposited thin
films, the transparency was controlled by the presence of indium oxide phases. XPS results
confirm that at elevated temperatures of 400 ◦C, the relative increase in indium oxide phases
is favored, resulting in a higher optical bandgap of 2.99 eV and better transparency (>45%
for 400–700 nm). It may be interesting to note here that further increasing the substrate
temperature during the deposition process may increase the transparency further, as well
as the crystallization, which may need to be validated by further studies. However, these
advantages will be offset by the higher thermal budget with increasing temperature. Opti-
mal optical, electrical, and morphological properties were obtained for depositions carried
out at a substrate temperature of 400 ◦C. The heterojunction behavior of the p-type CIO
was confirmed with n-Si and n-ITO, thereby laying the basis for completely transparent
TCO-based optoelectronic devices.

Author Contributions: Conceptualization, K.B.S.; Data curation, G.S. and A.K.; Formal analysis,
G.S. and A.K.; Investigation, G.S.; Methodology, G.S., A.K. and K.B.S.; Project administration, G.S.
and K.B.S.; Software, G.S.; Supervision, K.B.S.; Validation, G.S. and A.K.; Writing—original draft,
G.S.; Writing—review & editing, K.B.S. All authors have read and agreed to the published version of
the manuscript.

Funding: A portion of the article processing charges were provided by the UCF College of Graduate
Studies Open Access Publishing Fund.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ginley, D.S.; Bright, C. Transparent conducting oxides. MRS Bull. 2000, 25, 15–18. [CrossRef]
2. Fortunato, E.; Ginley, D.; Hosono, H.; Paine, D.C. Transparent conducting oxides for photovoltaics. MRS Bull. 2007, 32, 242–247.

[CrossRef]
3. Ye, F.; Cai, X.M.; Dai, F.P.; Zhang, D.P.; Fan, P.; Liu, L.J. Transparent Conductive Cu-In-O Thin Films Deposited by Reactive

DC Magnetron Sputtering with Different Targets. In Advanced Materials Research; Trans Tech Publications Ltd.: Kapellweg,
Switzerland, 2011.

4. Lewis, B.G.; Paine, D.C. Applications and processing of transparent conducting oxides. MRS Bull. 2000, 25, 22–27. [CrossRef]
5. Szyszka, B.; Loebmann, P.; Georg, A.; May, C.; Elsaesser, C. Development of new transparent conductors and device applications

utilizing a multidisciplinary approach. Thin Solid Film. 2010, 518, 3109–3114. [CrossRef]
6. Sundaram, K.; Khan, A. Characterization and optimization of zinc oxide films by rf magnetron sputtering. Thin Solid Film. 1997,

295, 87–91. [CrossRef]
7. Shantheyanda, B.P.; Todi, V.O.; Sundaram, K.B.; Vijayakumar, A.; Oladeji, I. Compositional study of vacuum annealed Al doped

ZnO thin films obtained by RF magnetron sputtering. J. Vac. Sci. Technol. A Vac. Surf. Film. 2011, 29, 051514. [CrossRef]
8. Sundaram, K.B.; Bhagavat, G.K. Chemical vapour deposition of tin oxide films and their electrical properties. J. Phys. D Appl.

Phys. 1981, 14, 333. [CrossRef]
9. Sundaram, K.B.; Bhagavat, G.K. Low temperature synthesis wide optical band gap Al and (Al, Na) co-doped ZnO thin films.

Appl. Surf. Sci. 2011, 257, 2341–2345.
10. Banerjee, A.; Chattopadhyay, K. Recent developments in the emerging field of crystalline p-type transparent conducting oxide

thin films. Prog. Cryst. Growth Charact. Mater. 2005, 50, 52–105. [CrossRef]
11. Sheng, S.; Fang, G.; Li, C.; Xu, S.; Zhao, X. p-Type transparent conducting oxides. Phys. Status Solidi 2006, 203, 1891–1900.

[CrossRef]
12. Saikumar, A.K.; Sundaresh, S.; Nehate, S.D.; Sundaram, K.B. Properties of RF Magnetron-Sputtered Copper Gallium Oxide

(CuGa2O4) Thin Films. Coatings 2021, 11, 921. [CrossRef]

101



Coatings 2022, 12, 500

13. Skaria, G.; Kumar Saikumar, A.; Shivprasad, A.D.; Sundaram, K.B. Annealing Studies of Copper Indium Oxide (Cu2In2O5) Thin
Films Prepared by RF Magnetron Sputtering. Coatings 2021, 11, 1290. [CrossRef]

14. Su, C.-Y.; Mishra, D.K.; Chiu, C.-Y.; Ting, J.-M. Effects of Cu2S sintering aid on the formation of CuInS2 coatings from single
crystal Cu2In2O5 nanoparticles. Surf. Coat. Technol. 2013, 231, 517–520. [CrossRef]

15. Su, C.-Y.; Chiu, C.-Y.; Chang, C.-H.; Ting, J.-M. Synthesis of Cu2In2O5 and CuInGaO4 nanoparticles. Thin Solid Film. 2013, 531,
42–48. [CrossRef]

16. Nair, B.; Rahman, H.; Shaji, S.; Okram, G.; Sharma, V.; Philip, R.R. Calcium incorporated copper indium oxide thin films-a
promising candidate for transparent electronic applications. Thin Solid Film. 2020, 693, 137673. [CrossRef]

17. Sundaresh, S.; Nehate, S.D.; Sundaram, K.B. Electrical and optical studies of reactively sputtered indium oxide thin films. ECS J.
Solid State Sci. Technol. 2021, 10, 065016. [CrossRef]

18. Saikumar, A.K.; Sundaresh, S.; Nehate, S.D.; Sundaram, K.B. Preparation and Characterization of Radio Frequency Sputtered
Delafossite p-type Copper Gallium Oxide (p-CuGaO2) Thin Films. ECS J. Solid State Sci. Technol. 2022, 11, 023005. [CrossRef]

19. Ray, S.; Banerjee, R.; Basu, N.; Batabyal, A.K.; Barua, A.K. Properties of tin doped indium oxide thin films prepared by magnetron
sputtering. J. Appl. Phys. 1983, 54, 3497–3501. [CrossRef]

20. Sundaram, K.B.; Garside, B.K. Properties of ZnO films reactively RE sputtered using a Zn target. J. Phys. D Appl. Phys. 1984,
17, 147. [CrossRef]

21. Singh, M.; Singh, V.N.; Mehta, B.R. Synthesis and properties of nanocrystalline copper indium oxide thin films deposited by RF
magnetron sputtering. J. Nanosci. Nanotechnol. 2008, 8, 3889–3894. [CrossRef]

22. Ohyama, M.; Kozuka, H.; Yoko, T. Sol-gel preparation of transparent and conductive aluminum-doped zinc oxide films with
highly preferential crystal orientation. J. Am. Ceram. Soc. 1998, 81, 1622–1632. [CrossRef]

23. Sundaram, K.B.; Bhagavat, G.K. Optical absorption studies on tin oxide films. J. Phys. D Appl. Phys. 1981, 14, 921. [CrossRef]
24. Yanagi, H.; Ueda, K.; Ohta, H.; Orita, M.; Hirano, M.; Hosono, H. Fabrication of all oxide transparent p–n homojunction using

bipolar CuInO2 semiconducting oxide with delafossite structure. Solid State Commun. 2001, 121, 15–17. [CrossRef]

102



coatings

Article

The Effect of RF Sputtering Temperature Conditions on the
Structural and Physical Properties of Grown SbGaN Thin Film

Cao Phuong Thao 1, Dong-Hau Kuo 2,* and Thi Tran Anh Tuan 3,*

Citation: Thao, C.P.; Kuo, D.-H.;

Tuan, T.T.A. The Effect of RF

Sputtering Temperature Conditions

on the Structural and Physical

Properties of Grown SbGaN Thin

Film. Coatings 2021, 11, 752. https://

doi.org/10.3390/coatings11070752

Academic Editor: Angela De Bonis

Received: 25 May 2021

Accepted: 21 June 2021

Published: 23 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Engineering and Technology, Tra Vinh University, Tra Vinh 87000, Vietnam; cpthao@tvu.edu.vn
2 Department of Materials Science and Engineering, National Taiwan University of Science and Technology,

Taipei 10607, Taiwan
3 School of Basic Sciences, Tra Vinh University, Tra Vinh 87000, Vietnam
* Correspondence: dhkuo@mail.ntust.edu.tw (D.-H.K.); thitrananhtuan@tvu.edu.vn (T.T.A.T.)

Abstract: By using a single ceramic SbGaN target containing a 14% Sb dopant, Sb0.14GaN films were
successfully grown on n-Si(100), SiO2/Si(100), and quartz substrates by an RF reactive sputtering
technology at different growth temperatures, ranging from 100 to 400 ◦C. As a result, the structural
characteristics, and optical and electrical properties of the deposited Sb0.14GaN films were affected
by the various substrate temperature conditions. By heating the temperature deposition differently,
the sputtered Sb0.14GaN films had a wurtzite crystal structure with a preferential (1010) plane, and
these Sb0.14GaN films experienced a structural distortion and exhibited p-type layers. At the highest
depositing temperature of 400 ◦C, the Sb0.14GaN film had the smallest bandgap energy of 2.78 eV,
and the highest hole concentration of 8.97 × 1016 cm−3, a conductivity of 2.1 Scm−1, and a high
electrical mobility of 146 cm2V−1s−1. The p-Sb0.14GaN/n-Si heterojunction diode was tested at
different temperatures, ranging from 25 to 150 ◦C. The testing data showed that the change of testing
temperature affected the electrical characteristics of the diode.

Keywords: acceptor Sb; temperature conditions; RF sputtering; heterojunction diode

1. Introduction

It is believed that gallium nitride and its alloys are functional semiconductor materials
with a crystal wurtzite structure, wide bandgap, good thermal conductivity, high carrier
mobility, and a high breakdown voltage [1,2]. In the fabrication of electronics and pho-
toelectronic components, they have been widely applied and designated as diodes and
light-emitting diodes (LED), metal-oxide semiconductor field-effect transistor (MOSFET),
and hetero junction field-effect transistor (HJ-FET) [3–7]. Overall, n- and p-type Gallium
nitride films can be fabricated by many processes, such as metal organic chemical vapor de-
position (MOCVD) [8,9], metal organic vapor phase epitaxy (MOVPE) [10,11], low energy
electron beam irradiation (LEEBI) treatment [12], or a two flow metal organic chemical
vapor deposition (TF- MOCVD) [13,14]. Besides, radio frequency (RF) sputtering technol-
ogy has promising properties in application, as it is more inexpensive, uncomplicated to
clean, and easy to use with various sputtering conditions. Using this technique, the target
can be designed according to a wide range of compositions. It is reasonable to study the
doping in III–nitride compound semiconductors, and a GaN film has been easily fabricated.
Recently, our group has accomplished a deposited p-GaN and n-GaN film [15–17]. In a
previous experiment, we had studied the effects of an Sb dopant on the semiconductor
characteristics of Sb-x-GaN films sputtered by RF reactive sputtering technology using a
single ceramic Sb-x-GaN target with an Sb dopant at x = 0.0, 0.07, 0.14, and 0.2. The results
determined that these deposited Sb-x-GaN films converted to a p-semiconductor at x = 0.07,
0.14, and 0.2. The p-SbGaN/n-Si(100) heterojunction diodes performed successfully and
their electrical characteristics at room temperature were thoroughly investigated [18] In
2019, our previous work was performed in conditions that affected the electrical, optical,
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and structural properties of the GeGaN thin films grown using RF reactive sputtering [19].
At the highest temperature of 400 ◦C, the Ge0.07GaN film acted as an n-semiconductor,
had a smaller bandgap energy of 3.02 eV, and achieved a higher carrier concentration
of 1.30 × 1018 cm−3, an electrical conductivity of 1.46 Scm−1, and an electron mobility
of 7 cm2V−1s−1. However, the influences of the different heating substrate temperature
conditions on the characteristics of Sb-GaN thin films have not been studied by many
researchers until this work. In this work, we studied the influences of different deposition
temperatures on the structural, optical, and electrical characteristics of the Sb0.14GaN films
and the characteristics of the p-Sb0.14GaN/n-Si heterojunction diode at different testing
temperatures. Firstly, Sb0.14GaN thin films were deposited at various substrate heating
temperatures, of 100, 200, 300, and 400 ◦C. Secondly, a diode was fabricated by growing
the p-Sb0.14GaN film on an n-Si substrate with the electrodes on the top using modeling by
RF sputtering, then the electrical characteristics of the diode were thoroughly investigated
at various working temperatures, from 25 to 150 ◦C.

2. Experimental Details

To thoroughly investigate the effects of different heating substrate temperature con-
ditions on the deposited Sb doped GaN film, the SbGaN ceramic target was prepared
with Sb/(Sb+Ga) at a molar ratio of 14 at% and named Sb0.14GaN target. Using a single
Sb0.14GaN target for deposition, the Sb0.14GaN films were successfully fabricated on n-
type Si(100), SiO2/Si(100), and quartz substrates by RF sputtering. The Sb0.14GaN films
sputtered on the n-Si(100) substrates at different temperatures were used to study crystal
structure properties, morphological and topographical surfaces, and analyzing the compo-
sition of the Sb0.14GaN films. To test the electrical properties of the films, the Sb0.14GaN
films were deposited on an SiO2/Si(100) substrate using the RF technique at various tem-
perature ranges, 100–400 ◦C. Additionally, the Sb0.14GaN films grown on quartz substrates
at different heating substrate temperatures were used to investigate the optical properties
of Sb0.14GaN films. The n-Si(100) substrates used in this work possessed an electrical
mobility of ~200 cm2V−1s−1, an electron concentration of ~1015cm−3, an electrical resis-
tivity of ~1–10 Ωcm, a diameter of 2 inches, and a thickness of ~550. In order to study
the effects of deposition temperature on the SbGaN film properties, the Sb0.14GaN films
were sputtered at substrate temperature conditions of 100, 200, 300, and 400 ◦C, output RF
sputtering power was constant, at 120 W, and deposition time was kept at 30 min. Before
depositing, the pressure of the working chamber was lowered to 1 × 10−6 Torr by the
mechanical and diffusion pumps. For depositing, the reactive RF sputtering was fixed
at a working pressure of 9 × 10−3 Torr and a gas mixture of Ar and N2 flowed at rates
of 5 sccm and 15 sccm, respectively. In this experiment, the target was located opposite
the substrate at a distanced of 5 cm in the working chamber. The heterojunction diode
successfully performed the reactive RF sputtering technology, and the heterojunction diode
created a sputtered p-type Sb-0.14-GaN film on the n-Si substrate [18]. The heterojunction
p-Sb0.14GaN/n-Si(100) diode was made by sputtering an Sb0.14GaN film on an n-Si(100)
substrate. The diode structure was designed in a top-top electrode model fabricated by
depositing Sb0.14GaN film on the n-Si substrate. It is known that metals with a high work
function (such as Pt, Mo, Ni, etc.) have often been applied to form Schottky contacts with
an n-type semiconductor, and ohmic contacts with a p-type semiconductor in the modeling
of metal-oxide-semiconductor MOS, metal-semiconductor MS, homo-, or heterojunction
diodes. Besides, metals with a low work-function (such as Al, Ag, etc.) have often been
employed to fabricate ohmic contacts with n-type semiconductors, and Schottky contacts
with a p-type semiconductor. In this work, the modeling of Pt/p-Sb0.14GaN/n-Si/Al was
applied to Al to make an ohmic contact with n-Si and Pt to perform an ohmic contact with
p-Sb-GaN. The commercially purchased Al and Pt targets (99.999%) were applied to the
electrodes at a sputtering temperature of 200 ◦C for 30 min, on the top of the film. The
physical methods for designing and operating the diodes with our sputtered III-nitride thin
films are particularly described in our previous works [7,15,18,20–22]. To study the influ-
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ence of the testing conditions on the diode, the p-Sb0.14GaN/n-Si(100) diode was deployed
in current–voltage tests at various testing temperatures, ranging from 25 to 150 ◦C.

The crystalline structure of the Sb0.14GaN films was studied by X–ray diffractometry
(XRD, D8 Discover, Bruker, Billerica, MA, USA). Scanning electron microscopy (SEM,
JSM–6500F, JEOL, Tokyo, Japan) was applied to investigate the morphological surface
and cross-section images of the Sb0.14GaN films. The topographical surface and the film
roughness formed by the root-mean-square (rms) value were computed by atomic force
microscopy (AFM, Dimension Icon, Bruker, MA, USA). Compositional analyses of the
Sb0.14GaN films were performed by the energy dispersive spectrometer (EDS, JSM–6500F,
JEOL, Tokyo, Japan) supported on SEM. The absorption spectra of the Sb0.14GaN films
were tested using an ultraviolet-visible (UV–Vis) spectrometer (V-670, Jasco, Tokyo, Japan),
and a Hall measurement system (HMS–2000, Ecopia, Tokyo, Japan) was used to determine
the electrical properties of the Sb0.14GaN films, consisting of hole concentration, electrical
mobility, and conductivity with a maximum magnetic field of 0.51 T. A semiconductor
device analyzer (Agilent, B1500A, Santa Clara, CA, USA) was used to study the electrical
characteristics of the p-Sb0.14GaN/n-Si(100) heterojunction diode at a temperature range of
25 to 150 ◦C.

3. Results and Discussion

3.1. Effects of Growth Temperature on the Deposited SbGaN Film Properties

The compositional films of these sputtered Sb0.14GaN films, grown at different tem-
peratures in the range of 100–400 ◦C, were studied by the energy dispersive spectrometer
supported by a SEM. Table 1 presents the EDS compositional data of the Sb0.14GaN films
deposited at heating substrate ranges of 100–400 ◦C. As Ga concentration in the Sb0.14GaN
films grown at different heating substrate temperatures, from 100 to 400 ◦C, was a decreas-
ing trend, the concentration of Sb in these films increased. There was a slight reduction
in Ga concentration in the Sb0.14GaN films, listed as 46.48, 46.31, 45.89, and 45.64 at% cor-
responding to substrate temperature conditions of 100, 200, 300, and 400 ◦C, respectively.
Sb concentration in the Sb0.14GaN films deposited at 100–400 ◦C increased by 3.24, 3.91,
4.92, and 5.23 at%, respectively. Thus, the [Sb]/([Ga]+[Sb) molar ratios were 0.065, 0.078,
0.097 and 0.103 for the Sb0.14GaN films at 100, 200, 300 and 400 ◦C, respectively. The Sb
molar ratio of the sputtered Sb0.14GaN films increased significantly as the temperature
of the heating substrate increased. As the [N]/([Ga]+[Sb]) ratio of the Sb0.14GaN film at
100 ◦C was 1.011, the [N]/([Ga]+[Sb]) ratio of the Sb0.14GaN films deposited at 200, 300
and 400 ◦C were 0.991, 0.968 and 0.966, which indicated that these Sb0.14GaN films had
a slight nitrogen vacancy and their electrical properties could be determined by film’s
deficient nitrogen state. It is expected that the different temperatures of the heating sub-
strates can explain the changes in the film properties. The morphological surfaces and
cross-section patterns of Sb0.14GaN films grown by an RF reactive sputtering system at
deposition temperatures ranging from 100 to 400 ◦C were figured by scanning electron
microscopy. Figure 1 displays images of the SEM surface and cross sectional patterns of
the Sb0.14GaN films deposited at a sputtering temperature in the range of 100–400 ◦C, with
power maintained at 120 W. The surface SEM images showed that the Sb0.14GaN films at
different heating-substrate temperatures had a continuous microstructure, film smoothness,
and medium grain size in the nanometer. From the inserted cross-sectioning SEM figures
in Figure 1, it can be seen that these Sb0.14GaN films adhered well and had good interfaces,
without cracks and voids between the Sb0.14GaN layers and n-Si substrate. As shown in
Table 2, these Sb0.14GaN films exhibited thicknesses of 1.0, 1.13, 1.17, and 1.24 μm as the
heating substrate temperatures of the sputtering process were maintained at 100, 200, 300,
and 400 ◦C, respectively. As a result, there was an incremental growth rate of 33.33, 37.67,
39.00, and 41.33 nm/min, corresponding to each sputtering temperature of the deposition
system. The physical phenomenon could indicate that more Ar hit the Sb0.14GaN target;
a higher heating substrate temperature condition corresponds to a faster sputtering rate.
Additionally, Table 3 displays the sizes of wurtzite crystalline, computed by the Scherer
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equation from the investigated XRD data. They were found to be 24, 24, 22, and 18 nm for
the Sb-014-GaN films deposited at temperatures of 100, 200, 300, and 400 ◦C, respectively.

The topographical surface and the root mean square (rms) roughness values of the
Sb0.14GaN films deposited at 100, 200, 300, and 400 ◦C were studied by atomic force
microscopy (AFM). Figure 2 presents the AFM morphologies of the Sb0.14GaN films after
scanning dimensions of 5 × 5 μm2. The roughness values of the Sb0.14GaN films were 1.55,
1.45, 1.26, and 1.66 nm, of the Sb0.14GaN films deposited at heating substrate temperatures
of 100, 200, 300, and 400 ◦C, respectively. The GaN film sputtered using a radio frequency
(RF) sputtering technique had a film roughness ranging from 0.7 to 20 nm [23], while the
GaN films made with a MOCVD system had various degrees of film roughness, ranging
from 0.5 to 3 nm [24]. Regarding the morphological and topographical surfaces and EDS
compositional analyses of the grown Sb0.14GaN films, each exhibited a smooth surface and
an increase in the growth rate from 33.33 to 41.33 nm/min, as the heating temperature
substrate rose. It is reasonable to infer that the faster depositing of the sputtering system
was formed by the strong bombardment of argon onto the Sb0.14GaN target at a higher RF
sputtering temperature.

Figure 3 presents the XRD spectra of the Sb0.14GaN films deposited by RF reactive
sputtering at various deposition temperatures, from 100 to 400 ◦C, and fixed at 120 W under
an Ar/N2 gas atmosphere. From the XRD, all the Sb0.14GaN films grown on the n-Si(100)
substrates, whether heating substrate temperature conditions applied for the sputtering
processes were 100, 200, 300, and 400 ◦C, had a wurtzite structure and were polycrystalline.
The (1010), (1011), (1120), and (1122) peaks of diffraction were determined from those
Sb0.14GaN films containing a growth plane with a (1010) dominating peak; another second
peak was not identified from the XRD images. At the higher sputtering temperature
conditions, there was a slight shift in the position of the dominatant (1010) peak, to a
higher 2θ angle. From the tested XRD data at a 2θ angle, the positions of diffraction (1010)
peaks were discovered at 32.15◦, 32.15◦, 32.20◦, and 32.26◦ on the Sb0.14GaN films grown
at the substrate temperature conditions of 100, 200, 300, and 400 ◦C, respectively. Table 2
presents the statistics from the XRD analysis. The lattice constants of a, c, and the volume
of the unit cell of the Sb0.14GaN films grown at various growth temperatures from 100
to 400 ◦C are shown in Table 2. The data displays that there was a slight decrease in the
lattice constant of c from 5.23, 5.23, 5.22 to 5.21 Å and a from 3.212, 3.212, 3.21 to 3.20 Å
for the Sb0.14GaN films fabricated at heating growth temperatures of 100, 200, 300 and
400 ◦C, respectively. Besides, the Sb0.14GaN films grown at 100, 200, 300, and 400 ◦C had
cell volumes listed as 46.70, 46.69, 46.58, and 46.23 Å3, respectively. As the Sb0.14GaN films
were made at different RF sputtering temperatures, ranging from 100 to 400 ◦C, the full
width at half maxima (FWHM) values of the (1010) peaks experienced a slight increment
of 0.37, 0.38, 0.42, and 0.51◦, respectively. By using the Scherer equation for computing
crystalline size and the XRD parameters presented in Table 2, the size of the crystallites was
substantially smaller at higher heating temperatures, estimated to be 24, 24, 22, and 18 nm
for the Sb0.14GaN films grown at 100, 200, 300, and 400 ◦C, respectively. It was determined
that the different depositing temperatures possibly affected the crystalline structure, as
the Sb0.14GaN films were grown at deposition temperatures of 100, 200, 300, and 400 ◦C.
In sputtering conditions at a higher heating temperature, there was an increase in the Sb
content in the as-sputtered Sb0.14GaN films that exhibited a smaller crystallite size and
distortion in the crystal structure.

The Hall measurement system was used to measure the electrical characteristics of
the RF sputtered Sb0.14GaN films at various temperature depositions, from 100 to 400 ◦C.
All of these Sb0.14GaN films retained p-semiconductor layers, and the electrical parameters,
named bulk concentration, mobility, and conductivity, of the Sb0.14GaN films are detailed
in Figure 4. The hole concentration and electrical mobility of the Sb0.14GaN films grown
at various heating substrate temperatures of 100, 200, 300, and 400 ◦C shown in Table
4 showed a significant increase, from 3.25 × 1014 cm−3 and 385 cm2V−1s−1, 1.44 × 1015

cm−3 and 289 cm2V−1s−1, 2.83 × 1016 cm−3 and 287 cm2V−1s−1, to 8.97 × 1016 cm−3
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and 146 cm2V−1s−1, respectively. This is explained by the fact that the highest Sb content
of 10.3 at % appeared in the composition of the Sb0.14GaN film grown at the highest
sputtering temperature of 400 ◦C, correlating to the highest film hole concentration. From
the experimental data in Table 4, it is supposed that the hole conductivity of a film could be
calculated using hole concentration and mobility, as the Sb0.14GaN grown at the different
deposition temperatures of 100, 200, 300 and 400 ◦C achieved an increment of electrical
conductivity, from 0.02, 0.067, and 1.3 to 2.1 Scm−1, respectively. This indicates that the
electrical properties of these sputtered Sb0.14GaN films were affected by the different
depositing temperature conditions.

Table 1. The Composition of EDS Analyzing Data of the Deposited Sb0.14GaN Films at Heating
Substrate Temperatures of 100, 200, 300, and 400 ◦C.

Temperature
Deposition

(◦C)
Ga (at. %) Sb (at. %) N (at. %)

[Sb]
/([Ga]+[Sb])

[N]
/([Ga]+[Sb])

100 46.48 3.24 50.28 0.065 1.011
200 46.31 3.91 49.78 0.078 0.991
300 45.89 4.92 49.19 0.097 0.968
400 45.64 5.23 49.13 0.103 0.966

Table 2. The effects of Sputtering Temperature on the Structural Properties of Sb0.14GaN Film.

Temperature
Deposition (◦C)

Film Thickness
(μm)

Deposition Rate
(nm/min)

Roughness
(nm)

100 1.00 33.33 1.55
200 1.13 37.67 1.45
300 1.17 39.00 1.26
400 1.24 41.33 1.66

Table 3. Structural Properties of Sb0.14GaN Thin Films Deposited at Temperatures Ranging from 100
to 400 ◦C from the X-ray Diffraction Analyses.

Temperature
Deposition

(◦C)

2θ
(10

-
10) Peak

a (Å) c (Å)
Volume

(Å3)
FWHM (10

-
10)

(Degree)

Crystallite
Size (nm)

100 32.15 3.212 5.23 46.70 0.37 24
200 32.15 3.212 5.23 46.69 0.38 24
300 32.20 3.21 5.22 46.60 0.42 22
400 32.26 3.20 5.21 46.23 0.51 18

Table 4. The Electrical Properties of Sb0.14GaN Films Deposited at the Different Substrate Tempera-
tures.

Deposition
Temperature

(◦C)
Type

Concentration Np

cm−3
Mobility μ

cm2V−1s−1
Conductivity σ

Scm−1

100 p 3.25 × 1014 385 0.020
200 p 1.44 × 1015 289 0.067
300 p 2.83 × 1016 287 1.300
400 p 8.97 × 1016 146 2.100

The optical properties of the Sb0.14GaN films grown at different temperature depo-
sitions, from 100 to 400 ◦C, were measured using a UV–Vis system at room temperature.
From the UV—Vis analysis data, the coefficient of optical absorption and bandgap energy,
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Eg, of the Sb0.14GaN films could be estimated by employing the Tauc equation expressed
following Equation (1):

(αhν)2 = A
(
hν−Eg

)
(1)

where α is physical quantity as a coefficient of optical absorption, A is a constant, hv is the
energy value of the incident photon, and Eg is the bandgap energy of the Sb0.14GaN films
deposited at the different growth temperatures. The plots of the (αhν)2-hν curves and the
bandgap energy of the Sb0.14GaN films grown at different heating substrate temperatures
are shown in Figure 5. The bandgap, Eg, from the extrapolated curves were 3.01, 2.93, 2.81,
and 2.78 eV for the Sb0.14GaN films deposited at different temperature depositions from 100
to 400 ◦C, respectively. In the experiment, the Sb content of the Sb0.14GaN films increased
from 3.24 at% at a depositing temperature of 100 ◦C, to the highest Sb content value of
5.23% at the substrate temperature of 400 ◦C; thus, their bandgap Eg decreased from 3.01 to
2.78 eV. K. M. Yu et al. presented that GaN1−xSbx alloys could modify the site of absorption
from 3.4 eV (GaN) to close to 1 eV for alloys composed of higher than 30 at% Sb [25].
Neugebauer et al. illustrated that the smallest formation of energy remained in p-GaN
in the state of vacancy-nitrogen (a donor), and in the n-GaN of an vacancy-gallium state
(an acceptor) [26]. Mattila clearly confirmed a sophisticated formation between donors
of positively charged and negatively charged cation vacancies [27]. As the Sb0.14GaN
thin films were sputtered at different temperature depositions, from 100 to 400 ◦C, there
was smaller absorption energy and lower defect levels caused by presenting the solid Sb
solution into the GaN, and Sb formed as an acceptor in the GaN.

 

Figure 1. SEM images of Sb-0.14-GaN films sputtered at different heating substrate temperatures: (a)
100 ◦C, (b) 200 ◦C, (c) 300 ◦C and (d) 400 ◦C.
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Figure 2. 3D AFM of SbGaN films at different sputtering temperatures of (a) 100 ◦C, (b)
200 ◦C, (c) 300 ◦C, and (d) 400 ◦C.

θ

Figure 3. XRD patterns of SbGaN films deposited at heating substrate temperatures ranging from
100 to 400 ◦C.
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Figure 4. Electrical properties of Sb0.14GaN films deposited at different substrate temperature ranges
of 100–400 ◦C.

α
ν

 

Figure 5. Plots of (αhν)2 vs. photon energy (hν) for the optical band gap determination of the
Sb0.14GaN films sputtered at different substrate temperatures.

3.2. The p-Sb0.14GaN/n-Si heterojunction Diode

In our previous work, we have successfully tested the I–V characteristics of the p-
Sb0.14GaN/n-Si(100) heterojunction diode at room temperature by using the RF sputtering
technique [18]. In this experiment, the p-Sb0.14GaN/n-Si(100) diode was investigated at
various testing temperatures, ranging from 25 to 150 ◦C. Figure 6 presents the current
density and voltage characteristic of the p-Sb0.14GaN/n-Si diode tested at the different
temperature ranges of 25–150 ◦C. The p-Sb0.14GaN/n-Si(100) diode was tested at a range
of voltages from −20 to +20 V, and applied at the different working temperatures of 25,
75, 100, 125, and 150 ◦C. As listed in Table 5, the leakage currents of this diode were
5.13 × 10−5, 1.26 × 10−4, 5.98 × 10−4, 1.53 × 10−2, and 2.96 × 10−2 Acm−2 at the reverse
bias of −5 V, respectively. The J–V curves in Figure 6 present that the p-Sb0.14GaN/n-Si
diode at a working temperature range 25–150 ◦C had the same turnon voltages at 1.25 V,
while the diode experienced breakdown voltages at 20 V. There was a relationship between
the current density of the diode and testing temperature. As the testing temperature rose
from 25, 75, 100, 125 to 150 ◦C at the forward bias of 20 V, the current density of the
p-Sb0.14GaN/n-Si diode increased from 0.139, 0.461, 0.663, 0.886 to 1.34 A/cm2, respectively.
It is supposed that the electrical properties of the sputtered p-type Sb0.14GaN at different
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heating substrate temperatures presented in Figure 4 applied to the changes in leakage
current density and forward current density values of the diode in Figures 6 and 7.

Table 5. The Parameters and the Electrical Characteristics of the p-Sb0.14GaN/n-Si Diode Tested at
Different Temperatures.

Samples
Leakage Current

Density (A/cm2) at −5 V
Barrier

Height (eV)

I-V Cheungs’ dV/dlnI Versus I

n RS (kΩ) n

25 ◦C 5.13 × 10−5 0.45 5.60 7.51 5.59
75 ◦C 1.26 × 10−4 0.58 4.00 6.72 3.93

100 ◦C 5.98 × 10−4 0.56 4.76 1.37 4.78
125 ◦C 1.53 × 10−2 0.54 5.31 0.53 5.36
150 ◦C 2.96 × 10−2 0.52 5.71 0.38 5.74

By applying a standard thermionic-emission (TE) model displayed in the below
Equation (2), the electrical properties of the diode can be calculated as qV > 3 kT [6,11,28]:

I = I0 exp
[ q

nKT
(V − IRs)

]
(2)

where q is the carrier charge (1.60 × 10−19 C), V is the applied voltage, I0 is the value of the
saturation current, n is the ideality factor, I0 the saturation current, the series resistance is
named Rs, K displays the Boltzmann constant (1.38 × 10−23 JK−1), and T is the investigating
temperature in Kelvin. With the loop of lnI versus V figured by using Equation (2), the
intersection of the interpolated straight line from the linear region of the semilog chart
determined that the saturation current (I0) of the diode can be given by the intersection of
the interpolated straight line from the linear region of the semilog chart. The Io values were
7.60 × 10−5, 1.7 × 10−4, 3.3 × 10−4, 5.6 × 10−4, and 1.3 × 10−3 A for the p-Sb0.14GaN/n-Si
diode at a testing temperature ranging from 25 to 150 ◦C. Additionally, φB, the barrier
height, and n, the ideality factor, can be calculated from the retrieved I0 data by applying
Equations (3) and (4) [15,17,28].

Figure 6 also determined the electrical characteristics of the p-Sb0.14GaN/n-Si diode
tested at different working temperatures. From the data for various investigating tempera-
tures of 25, 75, 100, 125, and 150 ◦C in Table 5, the ideality factor n can be figured to be 5.6,
4.0, 4.76, 5.31, and 5.71. In addition, by testing within the temperature range of 25–150 ◦C,
φB the barrier height can be computed to be greater than the values estimated in Figure 7,
e.g., 0.45, 0.58, 0.56, 0.54, and 0.52 eV, respectively.

φB =
KT
q

ln

(
AA∗T2

Io

)
(3)

n =
( q

KT

)
×

(
dV

d(lnI)

)
(4)

By using Cheungs’ method presented in Equation (5), the Rs series resistance and
n, ideality factor, were calculated for the p-Sb0.14GaN/n-Si diode worked at the different
temperatures and shown in Figure 8 [17,28–30]. The n ideality factors were found to be
5.59, 3.93, 4.78, 5.36, and 5.74. The RS series resistances were 7.51, 6.72, 1.37, 0.53, and 0.38
kΩ for the testing temperatures of 25, 75, 100, 125, and 150 ◦C, respectively (Table 5).(

dV
d(lnI)

)
=

nKT
q

+ IRs (5)
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Figure 6. The current density–voltage characteristic of the p-Sb0.14GaN/n-Si heterojunction diode
investigated (a) at room temperature and (b) at the different temperature ranges from 25 ◦C to 150 ◦C.

Figure 7. The reverse and forward current density–voltage (I–V) plots of the p-Sb0.14GaN/n-Si
heterojunction diodes measured at the different temperatures, ranging from 25 ◦C to 150 ◦C.

Figure 8. Plots of dV/dln(I) versus current density for p-Sb0.14GaN/n-Si diodes measured at the
different temperature.
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From the surveyed data, it can be seen that as the heating substrate temperature of
the sputtering process increases, the Sb0.14GaN film possessed more electrical conductivity
(σ) and carrier concentration (ne), as shown in Table 4. This means that the Sb0.14GaN
device had a higher leakage current density and forward current density at higher testing
temperatures.

At this time, there is no report on the SbGaN/Si heterojunction device. Our diode
showed an excellent breakdown voltage of 20 V compared with some devices based on
GaN and its alloys, which often display breakdown voltages of ~ 13V [30–34]. Similar
results were also determined in the investigation of heterojunction diodes with different
approaches. Mohd Yusoff et al. studied the p–n junction diode based on GaN grown on
Si(111) substrate at room temperature (RT). Their ideality factors (n) decreased from 15.14
to 19.68, with an increase in the testing temperature within the range of 30–104 ◦C [35].
Chirakkara et al. fabricated a n–ZnO/p–Si(100) hetero diode by pulsed laser deposition.
Their barrier heights increased from 0.6 eV (at 300 K) to 0.76 eV (at 390 K) when testing
at various temperatures, ranging from 300 to 390 K [36]. Lin et al. reported leakage
current densities of 6.65×10−7 A/cm2 at a reverse voltage of 5 V and a large turn-on
voltage of 9.2 V, which was measured for I–V curves in the sputtered-n-Al0.05In 0.075GaN/p-
Si heterodiode. In another work, they also identified a turnon voltage of 2.70 V in the
sputtered n-Al0.075In0.25GaN/p-Si diode when testing at RT [37,38].

In addition, although the reported III–V diodes made by MOCVD displayed the epi-
taxial growth of their semiconductors, their deposition was conducted at high temperatures
of 900 ◦C for GaN [9,10,28]. The p-Sb0.14GaN/n-Si diodes had shown the special properties
shown in the I−V measurements, which could be attributed to the low temperature process
only at 400 ◦C. Our diode with stable electrical properties up to test temperatures of 150 ◦C
has great potential for application in power diodes and electronic devices.

4. Conclusions

Sb0.14GaN films were successfully fabricated on n-type Si(100) substrates by applying
radio frequency (RF) reactive sputtering technology at various heating substrate temper-
atures, from 100 to 400 ◦C. The investigated data indicated that all the Sb0.14GaN films
retained the structure of the polycrystalline and electrical conductivity at the different
depositing temperature conditions. At the various sputtering temperatures of the deposi-
tion process, the Sb0.14GaN films were affected by the film properties and experienced a
significant structural distortion. At the highest heating substrate temperature of 400 ◦C, the
Sb0.14GaN film behaved as a p-semiconductor layer and had the highest bulk hole concen-
tration and electrical conductivity, of 8.97 × 1016 cm−3, and 2.1 Scm−1, respectively. The
electrical characteristics of the p-Sb0.14GaN layer/n-Si substrate diode were measured and
computed at the different testing temperature ranges of 25–150 ◦C using semiconductor
device analyzer. These results proved that the testing temperature conditions affected the
electrical characteristics of the p-Sb0.14GaN/n-Si device. Forward bias analysis at 20 V
revealed the highest current density of 1.34 A/cm2 to be for the diode operating at 150 ◦C
and it is believed that there is a relationship between a working temperature decrement of
125, 100, 75, and 25 ◦C and a significant current density decrease from 0.886, 0.663, 0.461 to
0.139 A/cm2, respectively.
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Abstract: Mg-based bulk metallic glass (BMG) and its composite (BMGC) can be excellent candidates
as lightweight structure materials, but lack of anti-corrosion ability may restrict their application.
In order to enhance the natural weak point of Mg-based BMGC, a 200-nm thick Zr-based metallic
glass thin film (MGTF) ((Zr53Cu30Ni9Al8)99.5Si0.5) was applied and its mechanical properties as well
as its corrosion resistance were appraised. The results of a 3-point bending test revealed that the
flexural strength of the Mg-based BMGC with 200-nm thick Zr-based MGTF coating can be greatly
enhanced from 180 to 254 MPa. We propose that the Zr-based MGTF coating can help to cover
any small defects of a substrate surface, provide a protecting layer to prevent stress concentration,
and cease crack initiation from the specimen surface during bending tests. Moreover, the results of
anti-corrosion behavior analysis revealed a similar trend between the Mg-based BMG, Mg-based
BMGC, and Mg-based BMGC with Zr-based MGTF coating in 0.9 wt.% sodium chloride solution.
The readings show a positive effect with the Zr-based MGTF coating. Therefore, the 200-nm thick
Zr-based MGTF coating is a promising solution to provide protection for both mechanical and
anti-corrosion behaviors of Mg-based BMGC and reinforce its capability as structure material in
island environments.

Keywords: Mg alloy; bulk metallic glass; composites; thin film coating; mechanical properties

1. Introduction

Zr-, Ti-, Ni-, and Fe-based alloys bulk metallic glasses (BMGs) have been well studied in the
past few decades [1–3]. Ti-based BMGs are an excellent candidate for bio-application due to their
relatively low density and much more compatible Young’s modulus in comparison with stainless steel
or Co-Cr-Mo alloy. Several toxic-element-free Ti-based BMG alloy systems have been developed with
good glass-forming ability [4,5]. Ni- and Fe-based BMGs generally possesses excellent mechanical
properties and can be promising structure materials [6–8]. In addition, Fe-based BMG exhibits extremely
high hardness around 1200 Hv and excellent anti-wear resistance ability, meaning it can be used in
medical tool parts and for surgical blades with better durability [9]. Mg-based BMG possesses the
low-density advantage and can be designed as a lightweight component for the automotive, aerospace,
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and 3C industries [10–13]. Yet, monolithic Mg-based BMGs show a very brittle behavior and will
break into pieces before yielding [10,11]. To conquer the problem of brittleness, extensive efforts
have been devoted to develop Mg-based metallic glass composites (BMGCs) with homogeneous
micro- or nano-scaled second-phase dispersion in a BMG matrix in the past decade. These include
the incorporation of in-situ precipitation of micro- or nano-crystalline phases and ex-situ added
micro-sized refractory ceramics or ductile metal particles in the Mg-based BMGCs [14–19]. Mg-based
metallic glass composite reinforced with Nb particles can reach the high strength of 900 MPa and
large plasticity of 12.1% ± 2% [14]. In situ addition of Mg flakes into Mg–Cu–Y–Zn BMG alloy can
significantly improve mechanical properties such as compressive plastic strain up to 18% and ultimate
strength up to 1.2 GPa [15]. Moreover, ex-situ addition of 40 vol.% Ti spherical powder improved the
ductility from 0% (monolithic glass) to 41% plastic deformation for the composite [16,17]. Thereafter,
many Mg-based BMGCs have been developed and all exhibit significant improvements in plasticity as
well as toughness. Among these developed Mg-based BMGCs, one special Mg-based BMGC with
porous Mo [18,19] performs the optimum combination of yield strength (1100 MPa) and plasticity
(>25%), which was chosen as the substrate for further study. Nevertheless, inheriting the reactive
characteristics of Mg-based alloys, this Mg-based BMGC is still concerning as it cannot sustain corrosion
attacks due to the salty atmosphere of island environments. Therefore, surface treatment for protecting
the Mg-based BMGC from the corrosion of a salty atmosphere is essential in the island environment.
For conventional Mg alloys, anodic surface treatment [20–22] and micro-arc surface treatment [23,24]
are commonly applied to form a protective oxide layer on the Mg alloy surface to prevent the attack of
a salty atmosphere in the island environment. However, these two treatments belong to wet processes
with alkaline electrolyte solution and have the pollution concern of wastewater. Therefore, a dry
process, i.e., sputtering coating treatment [25], is believed to be a better green process for using on the
surface treatment of Mg-based alloys. In parallel, Zr-based metallic glasses are reported not only to
possess good mechanical properties but also to have excellent corrosion resistance in salty aqueous
solutions [26–28]. Hence, coating a thin layer of Zr-based metallic glass thin film (MGTF) on the
surface of Mg-based BMGC by sputtering is suggested as an effective and green approach to improve
its corrosion resistance in the salty atmosphere.

Accordingly, to further investigate the effect of Zr-based MGTF coating on the corrosion resistance
as well mechanical properties of Mg-based BMGC [16], the Zr-based BMG ((Zr48Cu36Al8Ag8)99.5Si0.5)
was selected as the target material for the sputtering materials due to its high glass-forming ability
(GFA), high corrosion resistance, and good mechanical properties. The as-polished specimens of
Mg58Cu28.5Gd11Ag2.5 BMGC with 25 vol.% Mo particle additions were chosen as the substrate to
coat with a 200-nm thick Zr-based MGTF coupled with different thin film buffer layers by the
sputtering method. Then, the microstructures, mechanical properties, and corrosion resistances of
these MGTF-coated samples were systematically investigated.

2. Materials and Methods

2.1. Preparation of Sputtering Target

First, we carefully measured pure elements of Zr, Cu, Ni, Al, and Si based on the composition of
(Zr53Cu30Ni9Al8)99.5Si0.5. Then, we prepared the ingot via arc-melting 4 times in a Ti-gettered argon
atmosphere furnace to assure homogeneity. The final product, a plate with dimensions of 30 mm in
width, 80 mm in length and 8 mm in thickness, was produced via casting the ingot into a water-cooling
copper mold by suction. The plates were cut with wire-cut Electrical Discharge Machining (EDM) and
then assembled into the target with 8 mm in thickness and 3 inches in diameter, as shown in Figure 1.
Table 1 shows the chemical composition of the Zr-based target which was firstly examined by EDS
before the sputtering process.
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Figure 1. The appearance of the assembled Zr-based target with dimensions of 76 mm in diameter and
8 mm in thickness for the sputtering process.

Table 1. Chemical composition of Mg-based bulk metallic glass (BMG) and Mg-based bulk metallic
glass composite (BMGC) analyzed by EDS.

Material (at.%) Mg Cu Gd

Mg-based BMG

Design
composition 58 31 11

Average 51.94 34.78 13.28
Deviation 0.3 0.38 0.02

Mg-based BMGC

Design
composition 58 31 11

Average 53.7 34.09 12.22
Deviation 0.82 0.58 0.02

2.2. Sample Preparation of Mg-Based BMGC

The composition of Mg58Cu28.5Gd11Ag2.5 was selected as the base alloy for preparing the BMGC
with the addition of 25% porous Mo particles (with average particle size 25 ± 4 μm). The composite
master alloy ingots were prepared by following the process procedure from our previous report [16].
Then, these composite alloy ingots were further re-melted by induction melting in a quartz tube and
injected into a water-cooled Cu mold by argon pressure to obtain the BMGC plates with dimensions of
50 mm L × 15 mm W × 3 mm T. The temperature of the Cu mold was kept at 8 ◦C to reach a cooling
rate of 63 K/s for 2-mm thick plates and to obtain a BMGC plate with residual porosity less than
0.15 vol.% [17]. Samples for the three-point bending tests were taken from the as-cast Mg-based BMG
and BMGC plates with sample dimensions of 4 mm W × 3 mm T × 35 mm L (of B (thickness) = 2.5 mm,
W (width) = 7.5 mm, and S (span) = 36 mm). The as-machined and fine polished BMGC samples were
then deposited with two different combinations of thin film coating; Film A: 50-nm thick Cu buffer
layer plus 200-nm thick Zr-based MGTF, and Film B: 25-nm thick Al/25-nm thick Ti buffer layer plus
200-nm thick Zr-based MGTF with DC sputtering system (MDX1000, Advanced Energy Industries,
Denver, CO, USA). The operating parameters of the DC sputtering procedure were set as follows:
the distance between the specimen and target was 10 cm with a base pressure of 10−5 Pa and working
pressure at 0.5 Pa. In parallel, the Ar flow was set at 5.4 sccm, with a sputtering time period of 30 min
and 20 W of sputtering power. In addition, an attached test piece for coating thickness examination
was coated at the same sputtering conditions as the specimen of the bending test.
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2.3. Characterization of Microstructure and Properties

The amorphous states of the as-cast Mg-based BMG and BMGC were examined by X-ray diffraction
(XRD, Bruker D8A, Cu-Kα radiation, Billerica, MA, USA) and the amorphous state of Zr-based MGTF
coating was examined by grazing incident X-ray diffraction analysis (GIXRD, Philips Xpert-Pro
PW-3040, Amsterdam, The Netherlands, operated at 40 kV and a 0.5-degree incident angle) with
mono-chromatic Cu-Kα radiation. The thickness and composition of the MGTF coating were examined
by field emission scanning electron microscopy (FESEM, FEI INSPECT F50, Waltham, MA, USA,
operated at 20 kV) with energy dispersion spectroscopy (EDS) at the cross-section of a coupled test
specimen. The adhesion capability between the thin film coating and substrate was evaluated by tape
testing, which follows the standard of ASTM D3359-09 Test Method B [29]—Cross cut. The hardness
of the Mg-based BMG and BMGC was tested by Vickers’ hardness tester and that of the Zr-based
MGTF coating was checked by a nano-indenter (Hystron, TI 950 Tribo-Indenter, St, Eden Prairie, MN,
USA). Following the standard of ASTM E855-08 [30], three-point bending tests were conducted by a
universal testing system (MTS Criterion Modle42, Eden Prairie, MN, USA) equipped with a bending
gauge, as shown schematically in Figure 2. Before the bending test, the average values of surface
roughness of all specimens were confirmed to be less than 10 nm by examination with an atomic force
microscope (AFM, Bruker Dimension edge, Billericacity, MA, USA). The morphologies of fractured
surfaces after the bending test were examined by FESEM. To further investigate the electrochemical
behavior and corrosion properties, 0.9 wt.% NaCl solution was chosen to be the corrosion environment.
The Mg-based BMG, Mg-based BMGC, and Mg-based BMGC with Film B were studied by potential
dynamic polarization measurements which were conducted by the Autolab PGStat 302 potentiostat
(Utrecht, The Netherlands) in a three-electrode cell. The counter and reference electrodes (Saturated
Calomel Electrode, SCE) were platinum wire and Ag/AgCl, and specimens with an immersion area
of about 25 mm2 were used as a working electrode. The polarization scan was started from −1.5 to
1.5 V with a scan rate 20 mV/s. Corrosion behavior indicators such as corrosion current density (Icorr),
corrosion potential (Ecorr), and corrosion rate can be obtained by the Tafel extrapolation method from
anodic polarization curves.

 

Figure 2. Schematic illustration of three-point bending and sample dimension.

3. Results

The Zr-based MGTF coatings were firstly examined using EDS to confirm their composition in
comparison with the Zr-based MG target. The results of EDS confirmed that the composition of the
thin film was close to its pre-set composition, as shown in Table 2. The coating thickness of attached
test pieces for different combinations of buffer layer and Zr-based MGTF was found very close to the
preset thickness (they are around 50 and 200 nm, respectively), as shown in Figure 3. In addition,
the XRD patterns reveal that the Zr-based MGTF coating, the Mg-based BMG, and the Mg-based
BMGC all present the amorphous state (typical broadened and diffused humps around 30–50 degrees
of 2θ), except the high-intensity crystalline peaks resulting from the Mo particles embedded in the
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Mg-based BMGC samples, as shown in Figure 4. In parallel, the average surface roughness can be
decreased from 10 (bare Mg-based BMGC substrate) to 4 nm by coating with Zr-based MGTF. This is
similar to the results of a published report [31].

Table 2. Chemical composition of Zr-based MGTF coating analyzed by EDS.

Material (at.%) Zr Cu Ni Al Si

Zr-based MGTF

Design composition 52.73 29.85 8.96 7.96 0.5

Average 52.44 31.69 12.05 3.69 0.13

Deviation 0.59 0.19 0.02 0.25 0.01

  

θ ( )

Figure 3. Cross-sectional TEM images of the Mg-based BMGC coated with a buffer layer and Zr-based
metallic glass thin film (MGTF); (a) with Film A coating; (b) with Film B coating.

•

••

θ ( )

•

Figure 4. X-ray diffraction patterns of Mg-based BMG, Mg-based BMGC, and Mg-based BMGC coated
with Zr-based MGTF.

The results of adhesion testing show that the buffer layer coating does affect the adhesion capability
of the Zr-based MGTF coatings on the Mg-based BMGC substrate, as shown in Figure 5. The buffer
layer of 25-nm thick Al/25-nm thick Ti (Film B) possesses much better adhesion capability than the
buffer layer of 50-nm thick Cu (Film A), and only Film B can reach a 4B grade and meet the industrial
requirement. This is presumed to be attributed to the large atomic size misfit at the interface of Mg
(rMg = 1.60 nm)/Cu (rCu = 1.28 nm) and results in a weak adhesion. On the contrary, the atomic
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size misfits at the interfaces of Mg (rMg = 1.60 nm)/Al (rAl = 1.43 nm) and Al (rAl = 1.43 nm)/Ti
(rAl = 1.47 nm) are much smaller than the Mg/Cu one.

  

 

Figure 5. Results of adhesion test of the Zr-based MGTF coating on the Mg-based BMGC with different
buffer layers; (a) with Film A coating; (b) with Film B coating. (c) Classification of adhesion test results
(ASTM D3359-09) [29].

In addition, the results of the bending tests also reveal the significant improvement in the bending
fracture strength after coating with Zr-based MGTF, as shown in Figure 6. The bending fracture
strength can be improved from 180 (the bare Mg-based BMGC) to 254 MPa (Mg-based BMGC coated
with Film B). However, the Mg-based BMGC coated with Film A only presents a slight increase in
bending fracture strength (189 MPa) compared with the bare Mg-based BMGC (180 MPa) due to the
weak adhesion of the buffer layer between the Zr-based MGTF and Mg-based BMGC.
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Figure 6. Stress-strain curves of bending tests for the samples of Mg-based BMG, Mg-based BMGC,
and Mg-based BMGC with Zr-based MGTF coating.

According to the SEM observations, it is revealed that the fracture edge and fracture surface
for each sample after bending test exhibit distinct different morphologies, as illustrated in Figure 7.
The Mg-based BMG sample only presents very brittle fracture behavior, a sharp fracture edge, and a flat
fracture surface. However, the Mg-based BMGC sample shows some cracking traces near the fracture
edge with little rough fracture surface, indicating that it has better toughness than the Mg-based
BMG, which is in agreement with the previous report [18]. Moreover, the sample of Mg-based BMGC
with Film B coating shows a more different morphology near the fracture edge, with many cracks
accompanied by several remelting-like traces on the surface of the Zr-based MGTF and relatively
rough fracture surface.

In the literature, the improvement in the bending strength and ductility of the MGTF-coated BMG
sample has been proposed to be attributed to several major factors [32]: (1) mechanical properties of
the thin film coating; (2) surface roughness of the coating; (3) adhesion capability of the coating on
the substrate; (4) the flexibility of thin film coating. Accordingly, the significant improvement in the
bending strength of the Mg-based BMGC with a Zr-based MGTF coating in this study is suggested to
be due to the high strength and good flexibility of the Zr-based MGTF coating [33–35] and the good
adhesion of MGTF/Ti/Al buffer-layer coating to substrate [25].

Figure 8 shows the results of the potentiodynamic polarization test in the 0.9 wt.% NaCl solutions
of the Mg-based BMG, Mg-based BMGC, and Mg-based BMGC with Zr-based MGTF coating. The free
corrosion potential (Ecorr) and the corrosion current density (Icorr) can be measured from the polarization
curves and are listed in Table 3. Values of the corrosion voltage readings for the Mg-based BMG,
Mg-based BMGC, and Mg-based BMGC with Zr-based MGTF coating are about −1.04, −1.06, and 0.8 V,
respectively. This indicates that the Mg-based BMGC with Zr-based MGTF coating needs to be polarized
further before it starts to corrode. In addition, the corrosion current densities for the Mg-based BMG,
Mg-based BMGC, and Mg-based BMGC with Zr-based MGTF coating estimated by the Tafel slope
method are about 9.07 × 10−5, 5.38 × 10−4, and 9.06 × 10−6 A/cm2, respectively, in 0.9 wt.% NaCl
solution, as listed in Table 3. In a comparison of the polarization curves in a 0.9 wt.% NaCl solution
amount of the three samples, the Zr-based MGTF coating provided much better corrosion resistance
than the bare substrate of Mg-based BMG and BMGC due to a relatively small corrosion current
density (Icorr).
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Figure 7. SEM images of the fracture edges and fracture surfaces for the samples after bending tests.
(a) and (b) are the Mg-based BMG; (c) and (d) are the Mg-based BMGC; (e) and (f) are the Mg-based
BMGC with Zr-based MGTF coating. Each insert in (d,f) is the enlarged image from the circle area of
each figure.

Figure 8. Potential dynamic polarization curves of Mg-based BMG, Mg-based BMGC, and Mg-based
BMGC with Zr-based MGTF coating in 0.9 wt.% NaCl solution.
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Table 3. Electrochemical parameters of the polarization test for Mg-based BMG, Mg-based BMGC,
and Mg-based BMGC with Zr-based MGTF coating in 0.9 wt.% NaCl solution.

Material
Ecorr

(V)
Icorr

(A/cm2)

Mg-based BMG −1.04 9.07 × 10−5

Mg-based BMGC −1.06 5.38 × 10−4

Zr-based MGTF −0.8 9.06 × 10−6

The potential is related to SCE (Ag/AgCl).

4. Conclusions

This study revealed that the smooth surface, the excellent adhesion, and the high strength of
the Zr-based MGTF have a significant effect on improving the bending strength of Mg-based BMGC.
By means of a thin-layer Zr-based MGTF coating accompanied with the Ti/Al buffer-layered coating,
the bending strength of Mg-based BMGC could be increased from 180 (bare substrate) to 254 MPa
(MGTF-coated sample), which is a 41% improvement. The superior mechanical properties of the
Zr-based MGTF such as the high strength and great flexibility, accompanied with the good adhesion to
the substrate by Ti/Al buffer-layered coating are the major factors to improve the bending strength of
Mg-based BMGC. In addition, the Zr-based MGTF exhibits much better corrosion resistance in 0.9 wt.%
sodium chloride solution than the Mg-based BMGC. Therefore, adding a 200-nm thick Zr-based MGTF
coating on the Mg-based BMGC by sputtering is believed to be a promising method to protect the
Mg-based BMGC from the island environment for many industrial applications.
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Tamulevičius, S.; Abakevičienė, B.
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Abstract: Gadolinium-doped ceria (GDC) nanopowders, prepared using the co-precipitation synthe-
sis method, were applied as a starting material to form ceria-based thin films using the electron-beam
technique. The scanning electron microscopy (SEM )analysis of the pressed ceramic pellets’ cross-
sectional views showed a dense structure with no visible defects, pores, or cracks. The AC impedance
spectroscopy showed an increase in the total ionic conductivity of the ceramic pellets with an in-
crease in the concentration of Gd2O3 in GDC. The highest total ionic conductivity was obtained for
Gd0.1Ce0.9O2-δ (σtotal is 11 × 10−3 S·cm−1 at 600 ◦C), with activation energies of 0.85 and 0.67 eV
in both the low- and high-temperature ranges, respectively. The results of the X-ray photoelectron
spectroscopy (XPS) and inductively coupled plasma optical emission spectrometer (ICP-OES) mea-
surements revealed that the stoichiometry for the evaporated thin films differs, on average, by ~28%
compared to the target material. The heat-treatment of the GDC thin films at 600 ◦C, 700 ◦C, 800 ◦C,
and 900 ◦C for 1 h in the air had a minor effect on the surface roughness and the morphology. The
results of Raman spectroscopy confirmed the improvement of the crystallinity for the corresponding
thin films. The optimum heat-treating temperature for thin films does not exceed 800 ◦C.

Keywords: gadolinium-doped ceria; GDC; co-precipitation synthesis; electron-beam evaporation;
thin films; SOFC; impedance spectroscopy

1. Introduction

Miniaturized solid-oxide fuel cells (μ-SOFCs), constructed using thin-film technolo-
gies, can achieve high specific energy and energy density and may, one day, partially
replace Li batteries in portable devices [1–5]. However, the initial materials used in the
fabrication of the μ-SOFC process should fully satisfy their requirements. Recently, the
thickness of the μ-SOFC three-layered structure (anode-electrolyte-cathode) has been re-
duced to a one-micron size. Thus, the thickness of the electrolyte thin film in μ-SOFC
becomes thinner, e.g., ~600 nm, compared to conventional SOFC (~1 μm) [6–8]. This re-
duced thickness can minimize the ionic transport path and significantly reduce the ohmic
resistance [9]. The development of thin-film ceramic electrolytes over the past several
decades has led to reduced operating temperatures for SOFCs [10]. Conventional materials,
such as ceria or zirconia-based ceramics, are still widely used as electrolytes [2,11]. Due to
their superior properties, such as high ionic conductivity and low activation energy [12],
gadolinium-doped ceria (GDC) ceramics are widely applied in the production of μ-SOFC
as an electrolyte [4], interlayer [9], or in the composition of an anode [13]. GDC is one of
the most promising electrolytes for μ-SOFC, with only one condition: that the operating
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temperature should be below 650 ◦C [12], due to the reduction of Ce4+ to a Ce3+, resulting
in the failure of the electrolyte material at temperatures higher than 750 ◦C [14].

The properties of μ-SOFC electrolyte thin films primarily depend on the initial materi-
als and their characteristics; therefore, the choice of synthesis method, processing stages,
and conditions are particularly important. The synthesis of ceria-based electrolytes with
the desired properties can be carried out using wet chemical synthesis routes, such as the
sol-gel process [15], combustion synthesis [16], hydrothermal synthesis [17], polyol [12,18],
the acetic acrylic method [19], and the co-precipitation method using nitrates [20–23], ox-
alates [24,25], and acetates [26,27]. Compared to other techniques, the co-precipitation (CP)
method has the advantages of good control of the starting material and the processing
parameters, the low temperature of the process, and the high purity and homogeneity of
the product due to the possibility of controlling the starting solution [28]. The control of
the initial material synthesis process is essential for the preparation of electrolyte materials
with the required properties: crystalline structure, crystallite size, and even distribution of
grains. This can be achieved by changing the synthesis parameters, such as the deposition
rate and duration, precipitation, material, concentration, stirring speed, residue solubility,
ambient pH, temperature, etc. [28].

Many studies have been carried out employing vacuum deposition techniques for the
preparation of the electrolyte thin films used in μ-SOFC [29–35]. Although physical vapor
deposition (PVD) techniques present some challenges, such as complexity and relatively
high cost, they enable the production of very thin and dense films on either porous or
dense substrates [34]. PVD processes can be used to deposit films of elements and alloys,
as well as compounds employing reactive deposition processes. Moreover, films can be
formed at temperatures that are much lower than those required in traditional ceramic
processing [31]. Unfortunately, the film’s stoichiometry is found to be difficult to control,
due to the deposition behavior of the composite material [4].

The most common techniques for the formation of μ-SOFC electrolytes are ion beam
sputtering and pulsed laser deposition (PLD) [4]. However, compared to the other PVD
methods, the e-beam evaporation technique has the advantages of a high deposition rate
and large deposition area [34,36].

The electrolyte of μ-SOFC should have a high density and demonstrate good ionic
conductivity [1,4,29,37,38]. These requirements can be achieved by controlling the concen-
tration of impurities in the sample, e.g., mol% of gadolinia in GDC thin films [14], and
selecting the appropriate method for the deposition of the thin film—in all cases the opti-
mal chemical composition of elements in the films has to be ensured. Saporiti F. et al. [39]
showed that the pulsed laser deposition technique is well suited for the formation of thin
films that have adhered well to the electrolyte substrate, enabling the production of thin
films with the same stoichiometry as the target. However, in this method, it is difficult to
control the surface morphology as well as the porosity of the film. Uhlenbruck S. et al. [40]
employed magnetron sputtering and the e-beam evaporation technique (EB-PVD) for the
fabrication of GDC electrolyte thin films. The authors summarized that irrespective of
deposition temperatures, the measured ratio of Ce and Gd of the GDC thin film corre-
sponds almost exactly to the theoretical value of the target composition. While Sanghoon
Ji et al. [38] showed that the chemical composition of the deposited thin film depends on
the target material and substrate temperature during the deposition process. In addition,
Wibowo R.A. et al. [41] explained that the deviation of the chemical composition is due to
the different sputtering yield or evaporation process during the sputtering and EB-PVD
deposition processes, respectively. However, the stoichiometry of electrolyte thin films
produced by the EB-PVD technique has not been sufficiently studied.

This research aimed to synthesize and characterize the initial/target material, form
dense ceria-based thin films using the EB-PVD technique, determine the stoichiometric de-
viation in the evaporated thin films compared to the target/initial material, and investigate
the influence of additional heat treatment on the formed thin films. Thus, a co-precipitation
synthesis route was employed for the preparation of GDC ceramic powders with different
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concentrations of Gd (10, 15, and 20 mol%), which were further used as target materials
in the EB-PVD process. Since the target may influence the chemical composition of the
film, the chemical composition of the evaporated thin films was estimated using XPS
measurement. GDC thin films were annealed at various temperatures to study the effect
on the structural properties of the films and to find the optimal annealing temperature. The
obtained experimental results will help to select the optimal conditions for the formation
of thin films with the desired properties, using the electron-beam evaporation technique,
which can be used as an electrolyte for SOFC.

2. Materials and Methods

2.1. Synthesis of the Target Material and the Formation of Thin Films

Gadolinium (III) (Gd(NO3)3·6H2O, 99.9%, Sigma Aldrich, St. Louis, MO, USA)
and cerium (III) nitrate hexahydrates (Ce(NO3)3·6H2O, 99.0%, Fluka, Charlotte, NC,
USA) were used as metal precursors for the preparation of gadolinium-doped ceria
(GDC) Ce1-xGdxO2-δ (where x = 0.1, 0.15, and 0.2 mol%) ceramic powders using the
co-precipitation (CP) synthesis method. According to the concentration of Gd, the ceramic
powders and pellets were denoted as 10-GDC, 15-GDC, and 20-GDC, respectively. A
stoichiometric amount of gadolinium and cerium nitrate hexahydrates were dissolved
in distilled water. The obtained solution of Gd and Ce salts was poured dropwise into
an aqueous solution of oxalic acid under active stirring at 50 ◦C for 30 min, resulting
in the formation of a white opaque colloidal solution. Ammonium hydroxide (NH4OH,
25%, Sigma Aldrich, St. Louis, MO, USA) was used to adjust the pH ratio to ~8–9 and to
promote sedimentation. The precipitate was filtered by vacuum filtration using a Büchner
funnel, washed, and dried for 24 h at room temperature in air. Finally, the synthesized
powders were ground, milled in an agate mortar, and calcined at different temperatures
(200, 400, 600, 800, 900, 1000, 1100, and 1200 ◦C) for 5 h (5 ◦C/min) in air. These calcination
temperatures were chosen to study the crystalline phases and the changes in crystallinity,
and to verify at which temperature the oxides are completely formed.

The GDC powders, synthesized and calcinated at 900 ◦C for 5 h, were pressed into
pellets with a diameter of 10 mm and a thickness of ~1.5 mm (for impedance measurements)
and ~3.7 mm (for electron-beam evaporation) using uniaxial compression at 200 MPa.
Subsequently, the pellets were annealed at 1200 ◦C for 5 h in the air (5 ◦C/min). The density
of the pellets was measured by a weight-volume method, using the theoretical density of
7.235 g/cm3 [41]. For impedance spectroscopy measurements, platinum paste (conductive
paste Lot No. 13032810, Mateck, Jülich, Germany) was applied on both parallel sides of the
polished GDC pellets and then dried at 300 ◦C for 2 h.

GDC ceramics with a thickness of ~3.7 mm were used as the target material for
evaporation on Si (thickness of the films: ~800 nm) using a UVN-71P3 electron-beam
evaporation system. The evaporation process was carried out at a pressure of 0.7 Pa, with
an evaporation rate of ~2 nm/s; the distance between the electron gun (power: 10 kW) and
the substrate was 250 mm. The temperature of the substrate was kept at 200 ◦C during
the evaporation process. The evaporated thin films are denoted as 10-GDC, 15-GDC, and
20-GDC, respectively.

2.2. Characterization Techniques

The thermal decomposition of the synthesized powders was analyzed using ther-
mogravimetric (TGA) and differential thermal (DTA) analyses (PerkinElmer STA 6000,
Shelton, CT, USA ). Dried but not calcined synthesized GDC powders (5–10 mg) were
heated from 25 to 950 ◦C (heating rate 10 ◦C/min) in dry flowing air (20 mL/min). To define
the elemental compositions, 100 mg of powders were dissolved in concentrated sulfuric
acid, and the diluted solutions were analyzed with an inductively coupled plasma optical
emission spectrometer (ICP-OES, Vista-Pro, Varian, Mulgrave, Victoria, Australia ). The
Brunauer–Emmett–Teller (BET) surface area analyzer (Sorptometer KELVIN 1042, Ithaca,
NY, USA ) was used to determine the bulk surface area of the powders calcined at 900 ◦C.
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The BET surface area and the equivalent particle size (DBET) were calculated using the
following equation [42]:

DBET =
6 × 103

dthSBET
(1)

where SBET is the specific surface area (m2/g) and dth is the theoretical density of the solid
solution oxide (g/cm3), calculated according to the following equation:

dth =
4[(1 − x)MCe + xMGd + (2 − x/2)MO]

a3NA
(2)

where x is the dopant concentration, NA is the Avogadro constant, M is the atomic weight,
and a represents the lattice parameters of the solid solution.

The crystal structure of the synthesized GDC powders was determined using a D8
Discover X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany ) with a Cu Kα

(λ = 1.5418 Å) radiation source and parallel beam geometry with a 60 mm Göbel mirror. A
Soller slit with an axial divergence of 2.5◦ was utilized on the primary side. The diffraction
patterns were recorded using a fast-counting LynxEye (0D mode) silicon strip detector with
a 2.475◦ opening angle and a 6 mm slit opening. The peak intensities were scanned over
the range of 20–90◦ (coupled 2θ-θ scans), with a 0.02◦ step size and time per step of 0.2 s.

The microstructure and elemental composition of the samples were estimated using
scanning electron microscopy (SEM) (FEI Quanta 200 FEG, Hillsboro, Oregon, USA) in
a low-vacuum mode, equipped with an energy-dispersive X-ray spectrometer (EDS). To
obtain the EDS spectra, the accelerating voltage was 5 kV.

The electrical properties of GDC pellets were investigated via impedance measure-
ments, using an impedance analyzer Alpha-AK (Novocontrol Technologies, Montabaur,
Germany ) in the temperature range of 200–800 ◦C, and from 1 Hz to 1 MHz of the fre-
quency range. The obtained impedance spectra were fitted using the equivalent circuits by
the Zview2 software. The plots of σ vs. 1000/T were analyzed and the activation energy
was obtained using the Arrhenius plot, according to the following equation:

σb, gb = σ0exp
−ΔEb, gb

kT
(3)

where σ0 is the pre-exponential factor, k is the Boltzmann constant (0.86 × 10−4 eV K−1),
T is the temperature, and ΔEb,gb represents the activation energies of bulk and grain
boundary conductivity.

X-ray photoelectron spectroscopy (XPS) was used to study the atomic composition
of the as-deposited GDC electrolyte thin films. A Thermo Scientific ESCALAB 250Xi
spectrometer (Thermo Fisher, 2013, Waltham, MA, USA). with monochromatized AlKα

radiation (hν = 1486.6 eV) was used for the surface analysis. The base pressure in the
analytical chamber was 2 × 10−7 Pa, the x-ray spot size was 0.3 mm, and 40 eV pass energy
was used during the spectra acquisition. The energy scale of the system was calibrated
according to the peak positions of Au 4f7/2, Ag 3d5/2, and Cu 2p3/2. The GDC thin
films were analyzed without a surface-cleaning procedure, and the calculations of atomic
concentration were performed using the original ESCALAB 250Xi Avantage software.

For the characterization of the bonding structure of GDC thin films on a Si (100)
substrate, a Renishaw inVia Raman spectrometer (Renishaw, Wotton-under-Edge, UK))
equipped with a wavelength of 532 nm, a 45 mW excitation laser power, a 50× objective
(NA = 0.75, Leica Microsystems, Wetzlar, Germany ), and an integration time of 10 s was
used. The measurements were performed in the 100–800 cm−1 spectral range, with an
exposure time of 10 s and 1% of the laser power. The background was subtracted from the
obtained Raman spectra and was fitted by Lorentzian-shaped lines in the spectral range of
440–490 cm−1.

The morphology, topography, and surface roughness parameters (Rq, Rsk, Zmean, and
Rku) of GDC and SDC thin films on different substrates were analyzed using an NT-206
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(Microtestmachines Co., Gomel, Belarus) atomic force microscope and the SPM-data pro-
cessing software, SurfaceXplorer (Ultrafast Systems, Sarasota, FL, USA). The measurements
were performed at room temperature in the air. A silicon cantilever with a tip curvature
radius of 10 nm, spring constant of 3 N/m, and cone angle of 20◦ was operating in a contact
scanning mode, with a 12 μm × 12 μm field of view.

3. Results

3.1. Characterization of the Powders

In this work, thermal analysis was applied to show the most important differentiating
features of the thermal decomposition of intermediate products. The thermal decomposi-
tion process revealed and characterized the individual peculiarities of each sample, which
was prepared according to the co-precipitation synthesis method. The analysis was carried
out for all concentrations of GDC nanopowders. However, the obtained results showed the
same trend regardless of the concentration; thus, only the 10-GDC results are presented
(Figure 1a).

Figure 1. Thermal analysis curves (a) for 10-GDC ceramic powders and (b) the X-ray diffraction
patterns of GDC nanopowders, calcined at 900 ◦C and 1200 ◦C.

The decomposition of CP precursor is closely related to the degradation behavior of
hydrated oxalic acid. In the first temperature range from 30 ◦C to 100 ◦C, the evaporation
of water molecules and a corresponding mass change of about 12–13% were identified.
This effect was confirmed by a strong endothermic peak in the DTA curve. During the
further increase in temperature to 190 ◦C, a bright endothermic effect was observed on the
DTA curve that corresponds to the melting and partial decomposition of oxalic acid, and a
mass change in the sample of about 4–5%. The last mass change in the range from 310 ◦C to
370 ◦C was attributed to the final decomposition of the initial metal oxalate precursor. The
mass change of about 38% and the strong exothermic peak on the DTA curve suggest the
release of carbon dioxide, the formation of which was promoted by the redox properties of
ceria. There was also a slight increase in mass (0.16%) above 800 ◦C. This effect reflects an
endothermic peak on the DTA curve at temperatures from 850 ◦C to 950 ◦C. In conclusion,
the final tendency of the crystallization of double oxide at elevated temperatures depended
only on the initial sizes of the crystallites, which were formed at a temperature of about
400 ◦C.

The X-ray diffraction patterns of 10-, 15-, and 20-GDC powders, calcined at 900 and
1200 ◦C for 5 h, are presented in Figure 1b. The obtained results show that GDC powders
have a cubic fluorite crystal structure with an Fm3m space group and with the dominating
(111) crystallographic plane; all positions of the diffraction peaks match the standard
XRD data (PDF- 4 database: 011-7336, 006-3415, 013-6571). The crystallite size, D, was
calculated from the X-ray broadening, using Scherrer’s equation [12]. With increasing
calcining temperature, the crystallite size increased and was in the range of from 5 nm to
42–48 nm for the different concentrations of GDC. According to the obtained results, the
tendency of the growth of crystallite sizes for different concentrations of GDC powders,
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annealed at the same temperatures, was the same. The equivalent crystallite size, DBET,
was calculated from the BET analysis, according to Equation (1). Comparing the results
of the crystallite size, D, and the equivalent size of the GDC ceramic powders calcined
at 900 ◦C, the DBET was higher within the range of 70–108 nm (Table 1). The difference
between D and DBET could be caused by the occurrence of crystalline nanodomains within
the individual nanocrystals in the calcined powders. The XRD technique registered these
nanodomains as individual crystals, while the BET technique measured only the surface
area of the parent nanocrystal. Moreover, the nanocrystals could be clustered together to
form agglomerates of the crystalline nanoparticles. To probe the agglomeration extent of
the particles, the factor φ was defined using:

φ = DBET/D (4)

where DBET is the specific surface area determined by BET analysis, and D is calculated
according to Scherrer’s equation, using the X-ray diffraction peak broadening data [42].
This ratio is well known as a factor that reflects the agglomeration extent of the primary
crystallites and is an indicator of their porous agglomerate nature; a value of 1.0 specifies
their complete dispersion [42]. The related results are presented in Table 1, where the
φ factor increased with the increase in the molar concentration of Gd2O3 in GDC. The
obtained results are in good agreement with the SEM results; those synthesized using
co-precipitation synthesis and calcined at 900 ◦C have agglomerated features (Figure 2).

Table 1. The summary of the elemental analysis results and the physical properties of the GDC
ceramic powders, calcined at 900 ◦C.

Sample

Expected
Molar Ratio of

Gd to Ce in
GDC

Gd Content in
GDC from

ICP-OES (r.u.)

Gd Content in
GDC from
EDS (r.u.)

SBET (m2/g)
D

(nm)
dth (g/cm3) DBET (nm) φ (r.u.)

10-GDC 0.18: 0.82 0.18 0.16 11.7 32.6 7.235 70.3 2.156

15-GDC 0.26: 0.74 0.26 0.25 10.19 32.7 7.244 81.4 2.489

20-GDC 0.33: 0.67 0.33 0.32 7.7 31.1 7.251 108.0 3.472

 

Figure 2. SEM images of 10-GDC ceramic powders calcined at (a) 800 ◦C, (b) 900 ◦C, and (c) 1200 ◦C
for 5 h.

The lattice parameter (a) was calculated according to Bragg’s Law:

a =
λ

2sinθhkl

√
h2 + k2 + l2 (5)

where h, k, l are the Miller indices of the crystallographic plane (in the calculations, the (111)
plane was used), θhkl is the Bragg’s angle, and λ is the wavelength of X-ray radiation.

The changes in GDC lattice parameters depend on both the concentration of Gd2O3
and the calcination temperature. The lattice parameter increases with increases in the molar
concentration of Gd2O3 since the ionic radius of the gadolinium cation, Gd3+, is larger than

134



Coatings 2022, 12, 747

the ionic radius of the cerium cation, Ce4+ (rGd
3+ = 0.1053 nm and rCe

4+ = 0.097 nm) [42].
Moreover, the growth of the lattice parameter with the addition of Gd confirms the incor-
poration of gadolinium ions into the lattice.

The morphology of GDC ceramic powders calcined at 800 ◦C, 900 ◦C, and 1200 ◦C
for 5 h was investigated using scanning electron microscopy (Figure 2). It can be seen that
the structure of nanopowders changes with the increase in the calcination temperature.
For example, as the temperature rose from 800 ◦C to 900 ◦C, the formation of a structure
with fragments and protrusions (~400 nm in width) was observed, which is typical for the
co-precipitation synthesis method (Figure 2b). Therefore, further powder treatment was
necessary, as pellets pressed from such uncrushed powders have a relatively low density.
At a maximum calcination temperature of 1200 ◦C (Figure 2c), the formation of grains
was observed; that is, the structure had acquired its final form. The same tendency was
observed for other concentrations of GDC. Similar results were obtained by Zha S. et al. [43],
who determined the coarse structure of the GDC powders, synthesized using oxalic acid
co-precipitation synthesis and sintering at 750 ◦C for 1 h.

When summarizing the TG-DTA, SEM, and XRD results, the calcination of GDC
ceramic powders at 900 ◦C ensures the full formation of a cubic fluorite crystal structure
with an Fm3m space group and helps to achieve thermal stability in the material.

The elemental analysis of the synthesized GDC powders (concentration of gadolinium)
was measured using two different methods: ICP-OES and SEM/EDS analyses (Table 1).
The obtained results indicate that the chemical composition of the material is controlled by
the composition of the synthesis solution. Furthermore, the properties of the ceramics can
be influenced by the compaction of the powders during the calcination process.

3.2. Characterization of the Pellets

To characterize the ionic conductivity of Ce1-xGdxO2-δ ceramics, the distribution
of grains and the density of the pellets were calculated. The sintering quality of the
ceramics and their microstructure are important factors for the analysis of ionic conductivity
using impedance spectroscopy. Burcu et al. [44] found that the grain boundary resistance
increased due to low sinterability and the increment of porosity in samarium-doped ceria
electrolytes synthesized by the electrospinning method. The sinterability depends on the
sintering temperature and time period, the diffusion coefficient of the atoms, and the
dispersivity of the particles. Calcination of the fine-dispersive powders, with individual
grains growing together, helps to reduce the porosity of the pellets from 30–50% to a few
percent. Figure 3 presents SEM images of the cross-section of GDC pellets annealed at
1200 ◦C for 5 h. To perform SEM measurement, the pellets were broken in half. Due to the
roughness of the surface after breaking the pellets, the sides were polished, cleaned with
ethanol, and thermally etched at 1100 ◦C for 1 h.

 

Figure 3. SEM images of the cross-section view of (a) 10-GDC, (b) 15-GDC, and (c) 20-GDC ceramic
pellets at 100 k magnification.

The SEM results of the GDC pellets showed that they consisted of grains of different
sizes, without visible defects or cracks. The ceramics were dense and with no porosity;
the average grain sizes of the pellets were about 320 nm (10-GDC), 310 nm (15-GDC), and
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302 nm (20-GDC). All synthesized GDC ceramics were investigated using AC impedance
spectroscopy; the obtained complex impedance plots at different temperature and frequency
ranges are presented in Figure 4. After measuring the complex resistance over a wide
frequency range of electric field, it was possible to separate the different conductivity
processes, such as the bulk, grain boundary, and total ionic conductivity.

Figure 4. Complex impedance plots at: (a) 250 ◦C, (b) 400 ◦C, (c) 600 ◦C, and (d) 800 ◦C of the
different compositions of GDC pellets annealed at 1200 ◦C. An example of an equivalent circuit,
where CPE is the constant phase element, and R is the resistance for bulk, grain boundary, and
electrode has been inserted in the top left-hand corner of (a).

The semicircle in the high-frequency range is related to the oxygen ion relaxation in
the grain interior, while the semicircle in the medium-frequency range can be attributed
to the ionic migration in the grain boundaries, and the semicircle in the low-frequency
range corresponds to the electrode polarization (the frequency increase from right to left
in the impedance spectra) [45–47]. From Figure 4, it can be seen that with the increase
in the concentration of gadolinium, the resistance of the GDC pellets increased. The 20-
GDC pellets showed the highest resistance at all temperature ranges, resulting in the
lowest ionic conductivity, while the 10-GDC pellets had the lowest resistance and the
highest conductivity. With the increasing temperature, we observed a decrease in the
resistance, thus increasing the conductivity. Such results allow us to conclude that the
conductivity of GDC ceramics depends on the concentration of Gd2O3. Koettgen et al. [48]
showed the bulk and grain boundary conductivity values of Sm- and Gd-doped ceria,
synthesized by the sol-gel method as a function of the dopant fraction. Comparing the
different dopant concentrations of Gd-doped ceria with Sm-doped ceria, the largest bulk
conductivity was reported for Ce0.93Sm0.07O1.965, leading to maximum total conductivity.
The authors of an earlier study stated that the conductivity gained in value with increasing
dopant and, subsequently, decreased with the further increment of dopant fraction [48].
In our own previous work, we compared the different concentrations (x = 0.1, 0.2, and
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0.3) of SDC (samarium-doped ceria) synthesized using different synthesis methods and
obtained the highest conductivity values for SDC synthesized by the combustion method,
with x = 0.2 [49]. However, Wattanathana et al. [50] synthesized SDC (x = 0.1, 0.15, and
0.2) via the thermal decomposition of metal-organic complexes and reported the highest
conductivity for 15 SDC, determining that the Sm3+ ions were replaced at the Ce4+ sites
within the ceria structure. The authors stated that due to the formation of the amorphous
Sm2O3 phase, increasing the doping concentration led to a lower conductivity value.

The temperature dependencies of the total ionic conductivity obey Arrhenius’ law [51]
and its plot is presented in Figure 5.

Figure 5. Temperature dependence of total conductivity of GDC ceramic pellets. The dashed line
shows the separation of high- (HT) and low-temperature (LT) ranges.

Different temperature ranges (low- (LT) and high-temperature (HT) ranges), separated
by the dashed line in Figure 5, occur due to the thermodynamics between defect species
and their interactions, as well as the redox reactions, followed by the formation of polarons
in the ceria lattice [51]. From the obtained results (Figure 5 and Table 2), we can observe the
decrease in the activation energy in the high-temperature range for all concentrations of
GDC. In the high-temperature range, the charge-carrying defects are dictated by intrinsic
defects and no association enthalpy is present; thus, the activation energy decreases [52].
The activation energies determined from the Arrhenius plots, as a function of the molar
concentration in GDC ceramic pellets, and the values of bulk, grain boundary, and total
conductivity at 600 ◦C are presented in Table 2.

Table 2. Values of the bulk (ΔEb), grain boundary (ΔEgb), and total (ΔEtotal) conductivity and activa-
tion energy of GDC ceramic pellets at low- (LT) and high-temperature (HT) ranges.

Sample ΔEa (eV) Total Conductivity (S·cm−1)

LT HT 400 ◦C 600 ◦C 800 ◦C

10-GDC 0.85 0.67 0.7 × 10−3 11 × 10−3 5.9 × 10−2

15-GDC 0.95 0.80 0.3 × 10−3 10 × 10−3 6.3 × 10−2

20-GDC 0.99 0.85 0.1 × 10−3 4.7 × 10−3 1.8 × 10−2

With an increase in the molar concentration, the total conductivity decreases, and the
activation energy increases (Table 2). A similar tendency was sustained for the bulk and
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grain boundary conductivity. Thus, the highest total ionic conductivity of 11 × 10−3 S·cm−1

at 600 ◦C, with the lowest activation energies at both LT and HT (0.85 and 0.67 eV, respec-
tively), was found for 10-GDC. Similar results were obtained by Fuentes and Baker [53],
who synthesized Gd0.1Ce0.9O1.95 by the sol-gel technique and reported a conductivity value
of 11 × 10−3 S·cm−1 (at 600 ◦C) for the samples sintered at 1300 ◦C for 8 h. Öksüzömer
M.A.F. et al. [12] synthesized Gd0.1Ce0.9O1.95 and Gd0.2Ce0.8O1.9 powders through the
polyol process and obtained higher conductivity values at 800 ◦C, with low activation ener-
gies for 10-GDC compared to 20-GDC (2.11 × 10−2 and 2.01 × 10−2 S·cm−1, respectively).
Jaiswal N. et.al. [54] reported values of ionic conductivity of 0.01 S cm−1 for Ce 0.9Gd0.1O1.95
and 3.02 × 10−3 S cm−1 for Ce0.85Gd0.15O1.925 at 500 ◦C. Murutoglu M. et al. [55] used the
cold sintering-assisted densification of GDC and reported activation energy of 0.69 eV at
a high temperature range. Zhang J. et. al. [56] compared the electrolytes for SOFC and
found that, compared to ScSZ and YSZ at 500 ◦C, GDC had the highest ionic conductivity
at 5.8 × 10−3 S cm−1.

3.3. Characterization of Thin Films

The synthesized Ce1-xGdxO2-δ pellets were evaporated on Si substrates using the
electron beam evaporation (EB-PVD) technique. To study the effect of additional heat
treatment on the properties of the formed GDC thin films, the samples were annealed at
600, 700, 800, and 900 ◦C for 1 h. The results determining the concentration of Gd2O3 in
GDC thin films are summarized in Table 3.

Table 3. The chemical composition of evaporated 10-, 15-, and 20-GDC thin films, obtained from XPS
and ICP-OES measurements.

Notation
Gd Content in

GDC from
ICP-OES (r.u.)

Gd Content in
Thin Film from

XPS (r.u.)

Molar Content
of Gd2O3 in
Thin Film

(mol%)

Decrease in the
Molar Content

of Gd2O3 in
Thin Film (%)

10-GDC 0.13 0.13 6.90 31.0

15-GDC 0.21 0.20 11.3 24.7

20-GDC 0.27 0.26 14.4 28.0

From the chemical composition results, we can see that the molar content of Gd2O3
in all GDC thin films is lower by an average of 28% (31% for 10-GDC, 24.7% for 15-GDC,
and 28% for 20-GDC) than the target material used in the EB-PVD process (Table 3). As we
can see, thin films prepared using the 15-GDC ceramic pellets as a target material ensured
the formation of 10-GDC thin films, the target of which (10-GDC ceramic pellet) had the
highest ionic conductivity [14]. It should be noted that the evaporation process of the
solid solution is complex, and many factors may influence the change in the chemical
composition of thin films compared to the target material [57]. The changes occur due to
the different evaporation temperatures and evaporation rates of the individual compo-
nents, which experience the same process temperature. Metals evaporate as a function of
temperature and vacuum level; high vacuum conditions lead to a greater evaporation rate.
As a result, different elements evaporate at different evaporation rates, and the resultant
chemical composition of the condensed material may vary, compared to the target material.
Therefore, the composition of the deposited thin films using the evaporation technique may
vary, compared to the target material.

The surface roughness and morphology of GDC thin films were studied by SEM and
AFM and are presented in Figure 6. Annealing the films had an insignificant effect on
the morphology and surface roughness of the films. GDC thin films at all temperatures
were dense and quite rough, containing nanoscale grains. The thickness values fluctuated
slightly (~800 nm), depending on the annealing temperature.
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Figure 6. Photo, SEM cross-section view, and 3D AFM images of (a) 10-GDC and (b) 15-GDC thin
films: as-evaporated (left) and annealed at 800 ◦C (right).

The roughness parameters were calculated from AFM images and the results are
shown in Figure 7a. The roughness kurtosis (Rku) value showed that all films had a spiky
surface (above 3 nm) and the highest values of 6.23 nm (10-GDC) and 7.48 nm (15-GDC)
were in the films annealed at 800 ◦C, while the smallest values were obtained for the
as-evaporated samples and the films annealed at 900 ◦C of all concentrations.
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Figure 7. (a) Surface roughness parameters calculated from the AFM images of 10-GDC and 15-GDC
thin films: as-evaporated, and after additional thermal treatment, where Rq is the root mean square
and Rz is the average height. Raman spectra of (b) 10-GDC and (c) 15-GDC thin films: unheated, and
after additional thermal treatment at 600, 700, 800, and 900 ◦C for 1 h.

The root mean square values of the surface roughness (Rq) of 10-GDC fluctuated with
the annealing temperature and had a maximum value of 18.08 nm at 600 ◦C, with the lowest
value of 11.32 nm for as-evaporated films. The Rq values of 15-GDC showed a different
tendency and increased with the increase in annealing temperature, reaching the maximum
value of 15.29 nm at 800 ◦C. The calculated average height (Rz) gradually increased for
10-GDC and had a maximum of 48.44 nm at 900 ◦C, while for 15-GDC, the rapid increase in
Rz had a maximum of 112.61 nm at 800 ◦C (Figure 7a). All recorded roughness parameters
increased with the annealing temperature, since the mobility of atoms increased, which led
to the agglomeration of particles and an increase in their size [58,59].

The results from the Raman spectroscopy measurements showed that all GDC thin
films had a major band at 463 cm−1 (Figure 7b,c). Considering the fact that CeO2, annealed
at 600 ◦C, shows a band at 475 cm−1 due to the F2g symmetric vibration of the cubic phase,
while Gd2O3 shows a peak at ~360–370 cm−1, the absence of these features confirms the
formation of a single phase [60–63]. According to Prasad D.H. et al. [22] the formation of a
single cubic phase of GDC happens when Gd+3 ions partially occupy the interstitial spaces
of the ceria lattice, which leads to a shift in the F2g symmetry. The obtained GDC peak
at 463 cm−1 (Figure 7b,c) can be related to the symmetric vibration of Ce-O, with a shift
of ~12 cm−1 toward a lower wavenumber. As can be seen from the obtained results, the
intensity of the peaks increased with the increase in the annealing temperature of the films.
This can be attributed to the improvement in the crystallinity of GDC thin films [64–66].
Moreover, with an increase in the doping concentration, the peaks became wider (from
17.8 cm−1 to 28.4 cm−1), which might be associated with the crystal size [64]. Regardless
of the concentration of GDC films, the Raman peak shifted to lower frequencies with
the increase in the annealing temperature. This behavior is a size-induced phenomenon
observed in nanoscale systems, explained by the combined effects of lattice strain and
associated with defect species and phonon confinement [64–67]. Kosacki et al. [66] and
Weber et al. [67] stated that the width of the Raman peak has a linear dependence on
the reciprocal of the crystal size. Similar behavior was reported by other authors [64–67].
El-Habib A. et. al. [68] presented Gd-doped CeO2 nanocrystalline thin films using spray
pyrolysis and reported that the peak asymmetry and broadening of Raman spectra could
be attributed to the existence of an oxygen vacancy and Ce3+, which changed with the
addition of Gd3+. With a gradual increase in crystal size, there may be a simultaneous
enhancement of defects in the thin film and the growth of other crystalline phases [67].
For the 10-GDC film, the peak intensities increased and showed their maximum position
when annealed at 800 ◦C. However, the intensity dropped in the samples annealed at
900 ◦C. Different results were obtained for 15-GDC thin films, where the intensity had its
maximum at 900 ◦C. This difference in results was associated with different growth rates
depending on the concentration, and, at higher temperatures, these growths were more
intense. Moreover, the changes in the Raman spectrum, depending on the concentration
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of gadolinium happen due to a reduction in the number of Ce–O8 vibrational units. The
symmetrical stretching mode of the Ce–O8 is sensitive to the substitution of Ce4+ by Gd3+,
and the changes in Raman spectrum shape and position are related to the lattice expansion
induced by the substitution of Ce4+ (97 pm) by Gd3+ (105.3 pm) and the presence of oxygen
vacancies [64,67]. Thus, the optimal annealing temperature for GDC thin films is up to
800 ◦ C since, at this temperature, the overall crystallinity and roughness of the films
are improved.

4. Conclusions

Gadolinium-doped ceria ceramics, synthesized using a co-precipitation synthesis
method at different Gd2O3 concentrations (10, 15, and 20 mol%), were used as a target
material for the formation of ceria-based thin films by the EB-PVD technique. From the
impedance spectroscopy measurements, we observed an increase in activation energy (Ea)
and a decrease in total ionic conductivity (σtotal) with the increasing molar concentration
of the material. Of the pellets, the 10 mol% Gd2O3-containing GDC ceramic pellet had
the highest conductivity (where σtotal was 11 × 10−3 S·cm−1 at 600 ◦C) and the lowest
activation energy (where Ea was 0.85 eV (low-temperature region) and 0.67 eV (high-
temperature region)). During the evaporation, a deviation in the individual component in
the stoichiometry of the evaporated thin films occurred, while the decrease in the molar
content of Gd2O3 in ~28% was lower than in the target material used for the process. Thus,
to produce thin films by e-beam evaporation, one should have a target material with a
higher concentration of gadolinium than is required for the desired concentration of the
final material. This additional heat treatment resulted only in insignificant changes in the
morphology of the films; the thickness and roughness values fluctuated, depending on the
temperature. The Raman spectroscopy confirmed the improvement in the crystallinity of
GDC thin films and the decrease in the grain boundary phase volume during the thermal
annealing. The optimal annealing temperature for GDC thin films was found to be up
to 800 ◦C as, at this temperature, the overall crystallinity and roughness of the films
were improved.
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Abstract: The AlGaN/AlN/GaN high electron mobility transistor structures were grown on a Si
(111) substrate by metalorganic chemical vapor deposition in combination with the insertion of a
SiNx nano-mask into the low-temperature GaN buffer layer. Herein, the impact of SiH4 flow rate
on two-dimensional electron gas (2DEG) properties was comprehensively investigated, where an
increase in SiH4 flow rate resulted in a decrease in edge-type threading dislocation density during
coalescence process and an improvement of 2DEG electronic properties. The study also reveals that
controlling the SiH4 flow rate of the SiNx nano-mask grown at low temperatures in a short time is an
effective strategy to overcome the surface desorption issue that causes surface roughness degradation.
The highest electron mobility of 1970 cm2/V·s and sheet carrier concentration of 6.42 × 1012 cm−2

can be achieved via an optimized SiH4 flow rate of 50 sccm.

Keywords: GaN HEMT; SiNx nano-mask; edge threading dislocation; V-defects; 2DEG

1. Introduction

GaN-based high electron mobility transistors (HEMTs) have attracted much intense
research because of its high-voltage operation, high-frequency switching, and high thermal
conductivity for high-power and high-frequency device applications [1–3]. However, the
growth of GaN-based HEMTs faces the problem of non-commercial nitride substrates,
where sapphire (Al2O3) and silicon carbide (SiC) are two commonly used substrates. In
recent years, to realize a compromise between high performance and wafer-size scalability,
low cost, and integrated compatibility with the conventional Si-based technology, many
research groups have grown GaN-based HEMT on a Si (111) substrate. Even so, the large
lattice mismatch of 17% along with a thermal expansion coefficient mismatch of 54% be-
tween the Si (111) substrate and GaN layer is the most challenging of any epitaxial growth
methods to achieve high-quality GaN layers. High-density dislocation (~1010 cm−2) and
surface cracks due to thermal expansion during the cooling process are generally observed
in the GaN/Si (111) layers, contributing to the degradation of the GaN-based HEMT per-
formance. In general, the mainstream of research has focused on reducing the current
collapse, which is attributed to both the interface trapping of AlGaN barrier/passivation
layers and the bulk trapping of defects/dislocations [4–10]. To mitigate the bulk crys-
talline defects/dislocations, several buffer structural designs have been employed such
as the graded/stepped AlGaN layer configurations [11–13], AlN/GaN or AlGaN/GaN
superlattices (SL) [14–16], epitaxial lateral overgrowth (ELOG) technique [17], and the
three-dimensional (3D)-to-two-dimensional (2D) growth mode [18,19]. Especially, inserting
a SiNx nano-mask into the matrix of GaN layer to promote the growth mode transition in
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GaN from 3D island-like overgrowth to 2D coalescence has been becoming a widely used
technique [19–33], in which the threading dislocations (TDs) are efficiently bent or even
annihilate each other. There are several approaches to investigate the effect of SiNx nano-
masks on the TD reduction such as varying either the SiNx deposition temperature or time
to modulate the SiNx nano-mask configuration [19–22], using different growth conditions
of the (Al)GaN layer overgrown on the SiNx nano-mask [23–25], or inserting multi-SiNx
nano-mask into the (Al)GaN buffer layers [26–28]. Among these approaches, configuring a
single SiNx nano-mask is considered the simplest strategy. By adjusting the growth time
and temperature, the grain size and distribution of the SiNx nano-mask are modulated in
such a way that the 3D-to-2D growth mode transformation is promoted [20,32]. However,
any excess of the growth temperature and growth time will enhance the surface desorption
of the GaN underlayer, leading to the aggregation of Ga atoms [33]. As a result, the thread-
ing dislocation density (TDD), etch pit density (EPD), and surface roughness of the GaN
layers would increase, causing detrimental effects on the HEMT device performance. On
the other hand, if the SiNx nano-mask is grown at too low temperature or short duration,
its grain size would be tiny and ineffective to generate the transition of 3D-to-2D growth
mode as well as to suppress the TDD. It is therefore essential to study an alternative method
to solve the surface desorption issue, while retaining the efficiency of the inserted-SiNx
nano-mask, in terms of suppressing TDs and improving two-dimensional electron gas
(2DEG) properties of the GaN HEMT structure.

For this conversation, we present inserting a SiNx nano-mask into the low-temperature
GaN (LT-GaN) layer grown by metalorganic chemical vapor deposition (MOCVD), where
the nano-mask formation was controlled via the SiH4 flow rate variation instead of either
the growth temperature or the growth time. Thus, this novel method allows easily con-
trolling the SiNx configuration, enhancing the annihilation of TDs. Importantly, its low
temperature and short-time growth were expected to highly limit the surface desorption
of GaN underlayer. The results in this study show that the crystalline quality and the
transport properties of GaN-based HEMT structure were strongly governed by varying the
SiH4 flow rate.

2. Experimental

The full structures of GaN-based HEMT were grown on 6” Si (111) substrates by
the G4 MOCVD system (Aixtron, Herzogenrath, Germany). The conventional precursors
including TMGa, TMAl, NH3, and silane (1% diluted-SiH4) were used for the Ga, Al, N,
and Si source, respectively. In order to grow the lattice-matched GaN layer on the Si (111)
substrate, an AlN nucleation layer of about 300 nm was initially grown to prevent Ga–Si
melt-back etching, followed by a transition layer of ~1.8 μm. This is to effectively modulate
stress and prevent misalignment. A semi-insulating LT-GaN buffer layer with a thickness
of 1.8 μm was then deposited at 990 ◦C, followed by a 2DEG heterostructure. This 2DEG
structure was composed of a 300 nm HT-GaN (1020 ◦C) channel layer, 0.5 nm AlN spacer
layer, and 10 nm Al0.25Ga0.75N barrier layer as shown in Figure 1. Finally, the structure
was capped by a 4 nm thin GaN layer to protect the wafer surface from oxidation. To study
the effect of the SiNx nano-mask on reducing the stress and TDD, the SiNx nano-mask was
inserted at 300 nm above the LT-GaN/transition layer interface as can be seen in Figure 1.
The growth time of the nano-mask was 1 min, while the growth temperature and the
ammonia gas flow were kept at the same with that of the LT-GaN layer. Herein, a highly
concentrated 1%-SiH4 source was employed to conduct a high deposition rate and low
surface desorption. Five samples with different SiH4 source flow rates of 0, 25, 50, 75,
and 100 sccm were used and denoted as samples A, B, C, D, and E, respectively. Sample
A is a control sample, where no SiNx nano-mask was inserted. The in situ reflectivity
and curvature measurement were monitored simultaneously by the LayTec EpiCurve-TT
(LayTec, Berlin, Germany) unit integrated inside the MOCVD chamber. The 633 nm light
source and 650 nm laser beam were used for reflectivity and curvature characterization,
respectively. The experimental etching pit density (EPD) was performed in molten-KOH
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(85%-KOH:H2O = 1:5) in 6 min at 220 ◦C. The pit density was then calculated from atomic
force microscopes (AFM) (NT-MDT Spectrum Instruments, Moscow, Russia) imaging
on scan areas of (5 × 5) μm2. The surface morphology of the samples before and after
the etching process was carefully observed by JSM7001F (JEOL, Tokyo, Japan) scanning
electron microscope (SEM) and AFM. The TDD was evaluated from the full width at half
maximum (FWHM) XRD-PANalytical X’Pert PRO MRD (Malvern Panalytical, Almelo,
The Netherlands), scanned on (002) and (102) planes, the etch pit density (EPD) technique,
and G2 F-20 STEM (FEI TecnaiTM, Hillsboro, OR, USA). The wafer bowing measurement
was also carried out after the growth by ADE 9700 equipment. To investigate the 2DEG
properties, the standard Hall effect measurement (BioRad HL5500, Hercules, CA, USA)
was conducted at room temperature (RT) under a magnetic field of 0.57 T.

 

Figure 1. Schematic structure of GaN-based HEMT with inserted SiNx nano-masks grown at different
SiH4 flow rates.

3. Results and Discussion

The in situ monitoring of the reflectivity and surface curvature of all five samples is
shown in Figure 2. The growth rate and surface morphology of the samples during the
epitaxial growth could be evaluated from the reflectivity measurement (Figure 2a). Before
the SiNx nano-mask growth, the growth rate of ~4.2 μm/h of the 300 nm thick LT-GaN
initial layer of all samples was indicated from the dependence of reflectance oscillation
on the growth time. During the SiNx nano-mask insertion, the reflectance intensity of
the samples was extinguished and flattened because of depositing 3D SiNx nanocrystals.
Then, the maximum intensity of the oscillation peaks was gradually restored during the
1.5 μm LT-GaN overlayer growth, where the required time to recover the reflectance peak
intensity to maximum, as before the SiNx deposition, was different between the inserted
SiNx samples. Obviously, the recovering time, marked as the length of colored arrows in
Figure 2a, increased with increasing the SiH4 flow rate. In other words, the time required
for the growth mode transition from 3D-island to 2D-coalescence of the LT-GaN overlayer
strongly depends on the SiH4 flux, in which transition time increases with the amount of
SiH4 flux used. It is also emphasized that this transition could not complete if the SiH4
flow rate exceeds a threshold of 75 sccm, as in the case of sample E. Indeed, the reflectivity
at the end of the LT-GaN overlayer of this sample only equals ~40% as compared to that at
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end of the LT-GaN underlayer. However, the following high-temperature GaN (HT-GaN)
channel layer growth of this sample exhibited a fast restoration in the reflectivity only after
three oscillation cycles (see blue-dash arrow in Figure 2a, sample E). This result suggests
that the SiH4 flux modulation during inserting SiNx interlayer is a considerable approach
in terms of recovering the 2D growth mode of the HT-GaN layer even if a SiH4 flux as high
as 100 sccm is used.

Figure 2. In situ (a) reflectivity and (b) curvature monitoring of sample surfaces.

To study the surface morphology with varying SiH4 flow rate, scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM) were employed as shown in Figure 3a–j.
No V-defects were observed on the surfaces of samples B and C, while a few defects were
visible on both sample D and sample E. The SEM image (Figure 3d) of sample D exposes
several small pits. These pits are well known as stacking mismatch boundary (SMB) defects,
attributed to the atom alignment faults during the coalescence process. Meanwhile, the sur-
face of sample E displays the additional appearance of hexagonal micro-pit (HMP) defects,
which are caused by the incomplete coalescence process as mentioned in the reflectivity
discussion (Figure 2a) [34]. The presence of SMB and HMP defects on these samples is
expected to decline the transport properties of 2DEG, which is discussed later. On the
other hand, the surface morphologies of the inserted SiNx samples were preserved as the
control sample with a root mean square (RMS) roughness of around 0.22 nm as shown in
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Figure 3f–j. This result indicates clearly that the surface desorption of LT-GaN underlayer
in our study was restrained efficiently during SiNx interlayer growth.

 

Figure 3. (a–e) SEM and (f–j) AFM images of the inserted SiNx nano-mask samples with various SiH4 flow rates.

Figure 2b shows that all five samples were suffering compressive strains, where the
strain in the transition layer and 300 nm LT-GaN underlayer increased slowly with the
growth time. After inserting the SiNx nano-mask, the compressive strain in the LT-GaN
overlayer of the SiNx samples (samples B–D) increased in the same fashion, quickly ap-
proaching the strain magnitude of sample A. This is in agreement with the reflectivity
results, where a transition from 3D island-like to 2D growth mode in the following LT-GaN
layers was taking place. Furthermore, note that the strain increasing rate of sample E was
much lower than that of other samples as can be seen in Figure 2b. Thus, the compressive
strain of sample E (highest SiH4 flow rate of 100 sccm) was relieved more effectively than
in other samples. That is because the transformation from 3D to 2D growth mode of the
LT-GaN overlayer is not completed in this sample, as the reflectivity results indicated
(Figure 2a). Indeed, it is directly related to the morphology as revealed by SEM (Figure 3e),
where the long 3D growth mode duration of the LT-GaN overlayer and the incomplete
coalescence of the HT-GaN channel layer resulted in the formation of HMP defects. More-
over, measurements of curvature showed that strain of layers is strongly affected by SiH4
flow rate that is also in agreement with the ex situ wafer bow measurements, in which
the positive warp of sample A, B, C, D, and E were 22.0, 15.7, 15.7, 14.8, and 9.6 μm,
respectively. Obviously, the warp of 9.6 μm presented in sample E is much smaller than
that of other samples.

In order to investigate the relationship between the TDD and the SiH4 flow rate,
the EPD and X-ray diffraction (XRD) techniques were employed, and the results are
summarized in Table 1. The omega XRD scan of the sample near (002) and (102) plane
could be found in Figure S1. The EPD slightly decreased as the SiH4 flow rate was increased
from 25 to 75 sccm. However, it rapidly reduced to 3.24 × 108 cm−2 when the SiH4 flow
rate increased further to 100 sccm (sample E). Of course, the EPD directly relates to the
TDD in the epilayers. Herein, the TD in GaN growth could be categorized into two types
as screw-type TD and edge-type TD. The TDD of each type presented in the GaN layer can
be identified from the FWHM of (002) and (102) X-ray rocking curves (i.e., β(002) and β(102))
via the following formulas [11].

Dscrew =
β2
(002)

4.35 × b2
screw

(1)

Dedge =
β2
(102) − β2

(002)

4.35 × b2
edge

(2)
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Table 1. Dependence of dislocation density on the SiH4 flow rate by XRD and EPD analysis.

Sample ID
SiH4 Source

(sccm)

FWHM
(arcsec)

TDD
(cm−2) EPD

(cm−2)

Wafer
Bowing (μm)

(002) (102) Screw-Type Edge-Type

A 0 466 ± 5 945 ± 5 (4.36 ± 0.09) × 108 (3.59 ± 0.02) × 109 6.52 × 108 22.0
B 25 468 ± 5 920 ± 5 (4.40 ± 0.09) × 108 (3.33 ± 0.02) × 109 5.76 × 108 15.7
C 50 466 ± 5 908 ± 5 (4.36 ± 0.09) × 108 (3.23 ± 0.02) × 109 5.52 × 108 15.7
D 75 467 ± 5 872 ± 5 (4.38 ± 0.09) × 108 (2.88 ± 0.02) × 109 5.34 × 108 14.8
E 100 441 ± 5 786 ± 5 (3.91 ± 0.09) × 108 (2.25 ± 0.02) × 109 3.24 × 108 9.6

The screw-type TDD (Dscrew) and edge-type TDD (Dedge) are computed from β(002),
β(102), and burger vector length (bscrew = 0.5185 nm and bedge = 0.3189 nm). The extracted
TDDs of all samples are displayed in Table 1. Interestingly, the edge-type TDD decreased
considerably with the increasing SiH4 flow rate, whereas the screw-type TDD showed a
slight drop as SiH4 flow is more than 75 sccm. Thus, the increasing SiH4 flow rate during
SiNx nano-mask forming has a dominant effect on the decrease in edge-type TDD rather
than screw-type TDD. We notice that this result plays an important role in improving the
2DEG properties of the AlGaN/GaN HEMT structure.

To further understand the mechanisms of the decreasing edge-type TDD, the cross-
sectional bright-field scanning transmission electron microscopy (STEM) micrograph of
sample E was taken as can be seen in Figure 4. The edge dislocations, screw dislocations,
and mixed dislocations (edge and screw dislocations) are labeled as E, S, and M, respectively.
By the comparison between two STEM images observed along g = [0002] and g =

[
1120

]
zone axis, the edge dislocation density is distinctly reduced. Apparently, the propagation
of most of TDs was terminated or bent at the SiNx interlayer and further annihilated
during the 2D lateral overgrowth on 3D island-like LT-GaN overlayer, which is marked as
white-dash lines in Figure 4. Three kinds of interaction between edge-type TDs are visible:
(1) Type I is parallel, two TDs passed through the SiNx nano-mask with the same Burgers
vector. (2) Type II is fusion, two TDs combined to form a new TD where its Burgers vector
equals to the sum of two componential Burgers vectors. (3) Type III is annihilation, two
TDs with the opposite Burgers vectors react against each other [33,35]. We notice that only
type II and III interactions benefit the annihilation of TDs.

 

Figure 4. (a) Bright-field cross-sectional STEM micrograph of GaN-based HEMT structure on Si
(111) with the SiNx nano-mask grown under 100 sccm SiH4 flow rate and (b) Selective area electron
diffraction pattern of the HT-GaN top layer taken along the

[
1100

]
zone axis.
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The effect of the SiH4 flow rate on the transport properties of 2DEG HEMT structures
was carried out by van der Pauw–Hall measurements at room temperature (RT) and the
results are shown in Figure 5. Below a SiH4 flow rate of 50 sccm, both the mobility and
the sheet carrier concentration (NS) of 2DEG structure enhanced simultaneously with
increasing the SiH4 flow rate. This behavior could be explained by the decrease in the
edge-type TDs in the structure as observed from XRD results [32,36]. The edge-type TDs are
usually accompanied by the dangling bonds. These dangling bonds generate an acceptor-
like trap level in the band structure, capturing free charges and then forming negatively
charged Coulombic scattering centers. Thus, any reduction in edge-type TDD is related
to an improvement of the 2DEG mobility [37]. Meanwhile, the NS was also influenced by
the edge-type TDD. The increase of NS with decreasing edge-type TDs is a result of the
restrained charges at the acceptor-like traps [36,38]. As the SiH4 flow rate was increased
further to 75 sccm (sample D), both the mobility and NS significantly degraded. It could
be due to the formation of the nonuniform distribution of SMB defects as can be seen in
Figure 3d. The appearance of SMB defects reflects the interface roughness and electrical
field fluctuation at the 2DEG structure, leading to a decrease in mobility and NS [39–41]. A
further decrease in 2DEG mobility of sample E is understandable, ascribed to the formation
of not only SMB but also HMP defects as can be observed in Figure 3e. Interestingly, the
NS of this sample increased as compared to sample D. This may be explained by the active
diffusion of Si adatoms from the SiNx nanostructures. Under a SiH4 flow rate as high as
100 sccm, the excess Si adatoms from the SiNx nano-mask could diffuse and precipitate
on the sidewalls of the HMP defects via the TDs [26,33]. In addition, we notice that this
diffusion process could be even boosted under a 3D growth mode of GaN channel layer as
observed in our case (see sample E in Figure 2a). The Si adatoms preferentially sticking on
the sidewalls of the HMP defects play a role as donors and releases electrons to the GaN
channel layer. As a result, it causes an increase in the NS of the 2DEG structure. Besides
that, the Si diffusion and incorporation into TDs could be a pathway causing unexpected
leakage currents. Similarly, this effect was also observed in the Mg-doped GaN film. The
segregated Mg propagates through TDs and incorporates at the boundaries of pyramidal
inversion domains (PIDs) to form an Mg-rich area, degrading device performance [42–44].
Up to now, the Si diffusion originated from the SiNx nano-mask, and how it involves in
the 2DEG characteristics as well as GaN-based HEMT device performance have not been
clearly understood yet, and needs to be explored further. Herein, we for the first time
demonstrate that the V-defects existing in 2DEG structure can cause the reversion of its NS
as a SiH4 overflow rate (>75 sccm) used during the SiNx nano-mask growth.

 
Figure 5. (a) Mobility and NS of the 2DEG structure as a function of the SiH4 flow rate. The inset (b)
shows the dependence of sheet resistance (RS) on the SiH4 flow rate.
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4. Conclusions

In conclusion, the fabrication of AlGaN/AlN/GaN HEMT structures with high mobil-
ity and NS has been demonstrated via modulating the SiH4 flow rate of the SiNx nano-mask.
The surface roughness of the samples was maintained at 0.22 nm, proving an effective
elimination of surface desorption issue from the LT-GaN underlayer during inserting the
SiNx nano-mask. More importantly, the SiNx nano-mask effectively contributed stress
relaxation via promoting 3D-to-2D growth mode transformation of the LT-GaN overlayer
and bending or annihilating TDs. Thus, it helped to reduce the edge-type TDD and EPD of
the GaN-based HEMT structure as low as 2.25 × 109 and 3.24 × 108 cm−2, respectively, as
observed in the sample grown using 100 sccm SiH4 flow rate. However, when the SiH4 flow
rate was larger than 50 sccm, an oversized SiNx nano-mask could be presented, resulting
in the development of V-defects as SMB and HMP defects. These defects would be located
at or near the 2DEG structure, causing degradation of the 2DEG mobility and sheet carrier
concentration. Consequently, the highest mobility and NS of the sample can be achieved
to be ~1970 cm2/V·s and 6.42 × 1012 cm−2, respectively, under an optimized SiH4 flow
rate of 50 sccm. Interestingly, the NS of sample E exhibited a reverse trend, which may be
attributed to the accumulation of the diffused Si adatoms from the SiNx nano-mask on the
sidewalls of HMP defects as the SiH4 flux was used as high as 100 sccm.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-641
2/11/1/16/s1, Figure S1: Normalized XRD rocking curves of GaN, (a) (002) and (b) (102) planes.
(c) FWHM as a function of SiH4 flow rate of (002) and (102) planes.
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Abstract: In this study, TiO2 nanowires on TiO2 nanotubes arrays (TNWs/TNAs) and Au-decorated
TNWs/TNAs nanostructures are designed and fabricated as a new type of photoanode for photoelec-
trochemical (PEC) water splitting. The TNWs/TNAs were fabricated on Ti folds by anodization using
an aqueous NH4F/ethylene glycol solution, while Au nanoparticles (NPs) and Au nanorods (NRs)
were synthesized by Turkevich methods. We studied the crystal structure, morphology, and PEC
activity of four types of nanomaterial photoanodes, including TNWs/TNAs, Au NPs- TNWs/TNAs,
Au NRs-TNWs/TNAs, and Au NPs-NRs-TNWs/TNAs. The TiO2 and Au-TiO2 samples exhibited
pure anatase phase of TiO2 with (0 0 4), (1 0 1), and (1 0 5) preferred orientations, while Au-TiO2

presented a tiny XRD peak of Au (111) due to a small Au decorated content of 0.7 ± 0.2 at.%. In
addition, the samples obtained a well-defined and uniformed structure of TNAs/TNWs; Au NPs (size
of 19.0 ± 1.9 nm) and Au NRs (width of 14.8 ± 1.3 nm and length of 99.8 ± 15.1 nm) were primarily
deposited on TNWs top layer; sharp Au/TiO2 interfaces were observed from HRTEM images. The
photocurrent density (J) of the photoanode nanomaterials was in the range of 0.24–0.4 mA/cm2.
Specifically, Au NPs-NRs- decorated TNWs/TNAs attained the highest J value of 0.4 mA/cm2

because the decoration of Au NPs and Au NRs mixture onto TNWs/TNAs improved the light
harvesting capability and the light absorption in the visible-infrared region, enhanced photogener-
ated carriers’ density, and increased electrons’ injection efficiency via the localized surface plasmon
resonance (LSPR) effect occurring at the Au nanostructures. Furthermore, amongst the investigated
nanophotocatalysts, the Au NPs-NRs TNWs/TNAs exhibited the highest photocatalytic activity in
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the degradation of methylene blue with a high reaction rate constant of 0.7 ± 0.07 h−1, which was
2.5 times higher than that of the pristine TNWs/TNAs.

Keywords: Au nanomaterials; anodic TiO2; photoelectrochemical water splitting; localized surface
plasmon effect; photocatalysts

1. Introduction

Since the discovery of photoelectrochemical (PEC) water splitting using a TiO2 elec-
trode in 1972 [1,2], this effect has widely become a promising route for hydrogen generation.
In recent years, global environmental problems are becoming more and more concerned
due to severe pollution, especially organic pollutants. During the dyeing process in the
textile industry, a large amount (~15%) of total world dye is lost and released in the textile
effluents [3]. When the colored wastewaters are discharged into the aquatic environment, it
becomes a source of non-aesthetic pollution and causes eutrophication as well as perturba-
tions to the aquatic life.

Semiconductor metal oxides offer a promising method for wastewater treatment and
the environmentally friendly production of hydrogen [4,5]. Among different semiconduc-
tors, TiO2 presents exceptional electrochemical and photocatalyst characteristics because of
its intriguing electrical and optical properties [5,6]. TiO2 also possesses excellent chemical-
and photo-stability, cost-effectiveness, and nontoxicity, which is suitable for PEC and pho-
tocatalytic applications [5–7]. Furthermore, one-dimensional (1D) nanostructures such as
TiO2 nanotubes arrays (TNAs), TiO2 nanowires on TiO2 nanotubes arrays (TNWs/TNAs)
and TiO2 nanorods provide a direct conduction pathway for the photogenerated that can
improve charge transport and reduce the recombination rate of electron–hole pairs [2,8–11].
However, TiO2 had a wide band gap of ~3.2 eV for anatase phase, thus it only absorbs
the ultraviolet (UV) light, which only accounts for 3%–5% of the total sunlight [2,11,12].
An approach for enhancing the visible-light (Vis) photoactivity of TiO2 is the decoration
of noble metal nanostructures with TiO2 by utilizing the plasmonic effect [2,7,11,13–17].
The use of noble metal nanostructures as a decoration component for TiO2 offers better
photostability as compared with the use of semiconductor quantum dots with the anodic
corrosion drawback [9,18,19]. For localized surface plasmon resonance (LSPR), the oscilla-
tion frequency is sensitively affected by the size, the shape of metal nanostructures and the
dielectric constant of the surrounding environment [20–22]. The Au nanostructures with
LSPR act as an antenna to localize the optical energy and sensitize TiO2 by light with energy
below the band gap. Consequently, they generate additional charge carriers for water
oxidation or produce additional highly active free radicals such as hydroxyl (•OH) and
superoxide (•O2

−). It has been reported that several unique Au/TiO2 composite systems
achieved significant photoactivity enhancements for efficient solar water splitting owing to
the LSPR effect [2,11,17,23] and for photocatalytic degradation pollutants [14,16,24]. For
instance, the LSPR-induced electric field amplification near the TiO2 surface allowed the
enhancing of the 66-fold-PEC water splitting performance of Au NP-deposited TiO2 films
under Vis-light illumination [23].

The photoactivity of TiO2 is enhanced by exploiting the LSPR absorption of Au NPs
in the Vis region (typically ~550 nm) [25–28], while the infrared (IR) region of the sunlight
spectrum was not utilized fully. Previous studies on Au nanorods (NRs) found that the
LSPR absorption in the IR range of Au NRs can be tuned by controlling the aspect ratio and
the medium dielectric constant [29–31]. Herein, we demonstrate that the photoactivity of
TiO2 with Au NPs and Au NRs enhances significantly via monitoring the PEC performance
and degradation rate of methylene blue (MB) under UV-Vis irradiation. In this study, we
are particularly interested in the TiO2 nanowires on TiO2 nanotube arrays (TNWs/TNAs)
films fabricated by the anodic oxidation on immobilized titanium folds, since the material
can provide a unidirectional electrical channel, large surface-to-volume ratio, and a higher
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photocatalytic performance than the well-known TNAs [10,14]. This study provides the
detailed preparations and characterizations of various Au-TiO2 nanostructured films, and
the mechanism for the enhanced PEC and photocatalytic properties of the Au-TiO2 systems.

2. Materials and Methods

2.1. Preparation of TiO2 Nanowires on TiO2 Nanotubes Arrays (TNWs/TNAs)

TNWs/TNAs were fabricated on titanium (Ti) foil substrates (10 mm × 25 mm × 0.4 mm,
99.9% purity,) by anodic oxidation. Before anodization, the substrate was first ultrasonically
cleaned using acetone, methanol, and deionized (DI) water, and then dried by N2 gas flow.
The anodization was conducted using a two-electrode system with the Ti foil as an anode
and a stainless-steel foil (SS304) as a cathode (Figure 1a). The electrolyte included ethylene
glycol (97 vol%) with additions of 3 vol% DI water and 0.5 wt.% NH4F (SHOWA, Tokyo,
Japan). The anodizing voltage and time were 30 V and 5 h to grow TNWs/TNAs. To induce
crystallization for TiO2, the samples were annealed at 400 ◦C for 2 h in the air.

Figure 1. (a) A schematic of an electrochemical anodization process. (b) A picture of as-prepared
TNWs/TNAs, Au NPs-TNWs/TNAs, Au NRs-TNWs/TNAs, and Au NPs-NRs-TNWs/TNAs.

2.2. Synthesis of Au Nanoparticles and Au Nanorods

Au nanoparticles (NPs) were synthesized by the Turkevick method [32,33]. In a typical
experiment, 10 mL deionized (DI) water and 100 μL of 25 mM HAuCl4·3H2O (Merck)
were placed in a conical flask. The solution was heated to boiling, and 300 μL of 1%
trisodium citrate was added to the solution under vigorous stirring. The color of the
solution immediately changed to light red, which indicates the formation of Au NPs. After
continuing the vigorous stirring for 5 min, the solution was cooled to room temperature.

For synthesizing Au nanorods (NRs), a seed solution was first prepared by slowly mix-
ing 100 μL of 0.025 M HAuCl4·3H2O with 10 mL of 0.1 M hexadecyltrimethylammonium
bromide (CTAB) in a test tube. Then, 640 μL of 0.01 M ice-cold NaBH4 solution, which
was freshly prepared with 100 mL of 0.01 M NaOH and 3.78 mg NaBH4, was added all
at once under stirring for 30 min. The color of the mixture changed from light yellow to
light brown. A growth solution of Au NRs was prepared by adding 1.75 μM AgNO3 to a
mixture of 1 mM CTAB, 2.5 μM HAuCl4·3H2O and 50 μM hydroquinone. Finally, 80 μL
seed solution was added to the growth solution and left overnight before cleaning through
two centrifugation cycles of 10,000 rpm for 20 min.

2.3. Preparation of Au NPs-, Au NRs-, and Au-NRs-NPs-Decorated TNWs/TNAs

Au NPs-decorated-TNWs/TNAs (S2), Au NRs-decorated-TNWs/TNAs (S3) and Au
NPs-NRs-decorated-TNWs/TNAs (S4) were prepared by drop casting technique using
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1 mL Au NPs solution, 1 mL Au NRs solution, and a mixture of 0.5 mL Au NPs and
0.5 mL Au NRs solution, respectively (Figure 1b). The samples were then heated at 120 ◦C
for 60 min for drying, removing the residual solvent, and improving the connectivity at
Au/TiO2 interfaces.

2.4. Characterization Methods

The orientation and crystallinity of the materials will be determined using X-ray diffrac-
tion (XRD) (XRD, Bruker D2, Billerica, MA, USA) and using Cu Kα radiation (λ = 1.5406 Å)
in the θ–2θ configuration. The grain sizes can be estimated by the Scherrer formula. Mor-
phologies and film thicknesses of the samples were characterized by scanning electron
microscopy (SEM, JEOL JSM-6500, Pleasanton, CA, USA). The compositions of samples
were analyzed using an energy-dispersive X-ray spectroscopy (EDS) equipped with the
SEM instrument. The elemental atomic percentage of each sample was obtained by averag-
ing the values measured at 5 distinct 10 μm × 12 μm areas on the film’s surfaces. Structural
characterization at atomic scale was performed in a JEOL JEM-ARM200F (Tokyo, Japan)
high-resolution scanning transmission electron microscope (HRTEM), operated at 200 kV.
A TEM specimen was prepared by scratching the film surface using a pointed diamond
tip and transferring the fragments onto a Cu grid. To study the elemental composition
and chemical state of the materials, X-ray photoelectron spectra of a selected Au-TiO2 film
were performed by an XPS instrument (ThermoVG 350, East Grinstead, UK) with an X-ray
source of Mg Kα 1253.6 eV and 300 W. The C1s peak at 284.8 eV was used as an internal
standard, and the freeware XPSPEAK 4.1 was employed for XPS curve fitting with the
Shirley background subtraction and assuming a Gaussian–Lorentzian peak shape.

Photoelectrochemical measurements were conducted using a three-electrode cell with
a reference electrode of Ag/AgCl, a counter electrode of Pt, and 0.5 M Na2SO4 electrolyte.
The working electrodes were the TNWs/TNAs and Au-TNWs/TNAs films on Ti metal
substrate. The substrate edges and the metal contact region were sealed with insulating
epoxy resin to leave a working electrode area of 1.0 cm2. Linear sweeps and J–t scans
were measured by an electrochemical workstation (Jiehan 5000, Jiehan Technology Co.,
Taichung, Taiwan). Incident photon to current conversion efficiencies spectra were collected
under illumination light from a 100 W xenon lamp. The photocatalytic activity of the
selected films was determined by the decomposition of methylene blue (MB) under UV-
VIS irradiation from a 100 W xenon lamp. Prior to illumination, investigated samples
were immersed in a MB solution (10 mg/L or 3.13 × 10−5 M) in the dark for 20 min to
achieve absorption-desorption equilibrium. All photocatalytic reactions were maintained
at 32–34 ◦C. After a certain photocatalytic reaction time, 1 mL MB was withdrawn to
determine the relative concentration by measuring absorption spectra in the wavelength
range of 400–800 nm using a UV–Vis spectrophotometer (Hitachi U-2900, Hitachi, Tokyo,
Japan). This spectrophotometer was also used to measure the absorption spectra of the
TNWs/TNAs and Au-TNWs/TNAs samples.

3. Results and Discussion

Figure 2 presents the XRD patterns of TNWs/TNAs, Au NPs-TNWs/TNAs, Au NRs-
TNWs/TNAs, and Au NPs-NRs-TNWs/TNAs. All the samples exhibited the anatase
phase of TiO2 with preferred lattice planes of (101) at 25.1◦, (004) at 37.8◦, and (105) at 53.8◦
(JCPDS No. 21–1272). In addition, there was no rutile TiO2 phase peak, confirming that
the TiO2 nanomaterials in this study were pure anatase phases. These XRD results are
similar to those reported in Refs. [14,34–36] for TiO2 and Au-TiO2 nanostructures. A closer
inspection of the (004) peaks of Au-TiO2 samples, Au (111) component was observed by the
shoulder peak at 38.3◦. Indeed, the fittings of Au-TiO2 (004) peaks allowed us to extract Au
(111) components, as demonstrated in Figure 2b for Au NPs-NRs-TNWs/TNAs (S4). This
confirms the presence of crystalline Au nanomaterials in S2, S3, S4 samples. We employed
the Scherrer equation to estimate the grain sizes (D) of the samples, D = 0.9λ/βcosθ, where
λ, β, and θ are the X-ray wavelength, full width at half maximum of the TiO2 (004) peak,
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and Bragg diffraction angle, respectively [14,37]. As a result, the D values varied in a
narrow range of 22.2–24.0 nm (Figure 2c), suggesting a similar grain size and crystallinity
level amongst the four nanomaterials.

.

Figure 2. (a) The XRD patterns of TNWs/TNAs (S1), Au NPs-TNWs/TNAs (S2), Au NRs-
TNWs/TNAs (S3), and Au NPs-NRs-TNWs/TNAs (S4). (b) The (004) peak of S4 shows two compo-
nents of TiO2 (004) and Au (111). (c) The estimated grain size of the four nanomaterials.

Figure 3 shows the morphologies and absorption spectra of as-prepared Au NPs and
Au NRs colloidal solutions. The Au NPs had a uniform spherical shape with a size of
19.0 ± 1.9 nm (Figure 3a), which induced an LSPR peak at 512 nm (Figure 3c), which was
consistent with the LSPR-peaks of Au NPs in Refs. [15,38]. Meanwhile, Au NRs exhibited
well-defined rods with a length of 99.8 ± 15.1 nm and a width of 14.8 ± 1.3 nm (Figure 3b);
they also include a minor amount of Au NPs with an average size of 19.6 nm (Figure 3b).
Consequently, the Au NRs had a strong broad LSPR absorption peak at 1192 nm in the
infrared region, and a small absorption peak at 512 nm due to the presence of a small
amount of Au NPs (Figure 3b,d). The insets in Figure 3c,d are the photographs of the Au
NPs and Au NRs colloidal solutions, which exhibit as light red and light brown, respectively.
The LSPR peak of Au NPs was consistent with those in refs. [15,38], but the present Au NRs
peak at 1192 nm is longer than the Au NRs peaks (range of 740–840 nm) in ref. [30], owing
to the differences in the length, width, and aspect ratio of the Au NRs. The interesting
optical properties of the Au nanomaterials with LSPR peaks in Vis and/or IR regions are
of great interest for their use for enhancing the PEC and photocatalytic activities of the
Au-TiO2 heterostructures (see later).

Figure 4 presents the morphologies of TNWs/TNAs, Au NPs-TNWs/TNAs, Au NRs-
TNWs/TNAs, and Au NPs-NRs-TNWs/TNAs. Obviously, the TNWs/TNAs exhibited
well-defined nanowires (length of ~6.0 μm) covering nanotube arrays (tube diameter of
~80 nm and length of ~6.0 μm, Figure 4a,e). For Au-TNWs/TNAs samples (S2, S3, S4),
Au NPs distributed relatively uniformly on TNWs/TNAs surfaces (Figure 4b). Similarly,
S3 exhibited Au NRs- decoration on TNWs/TNAs surface (Figure 4c), meanwhile S4 had
both Au NPs and Au NRs on the surface of TNWs/TNAs (Figure 4d). Typical EDS spectra
collected from S1 and S4 shows Ti, O peaks for S1, and Au, Ti, O peaks for S4. Moreover,
the elemental contents of S1 were [Ti] = 31.6 ± 0.3 at.% and [O] = 68.4 ± 0.3 at.%, while
S4 had [Au] = 0.7 ± 0.2 at.% [Ti] = 31.2 ± 1.1 at.% and [O] = 68.1 ± 1.3 at.%. The Ti and
O contents had a relatively close stoichiometry of TiO2. These EDS results suggest the
successful fabrications of TiO2 and Au-TiO2 films in this study (Figure 4f).
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Figure 3. (a,b) SEM images of as-prepared Au nanoparticles and Au nanorods colloidal solutions. The
insets in (a,b) are the size distribution histograms of Au NPs and Au NRs. (c,d) Absorption spectra of
Au nanoparticles and Au nanorods solutions, showing a localized surface plasmon resonance (LSPR)
peak at 512 nm for Au NPs, and two peaks at 512 nm and 1192 nm for Au NRs; the insets in (c,d) are
the corresponding photographs of the Au NPs and Au NRs solutions.

The HRTEM image of S4 in Figure 5a shows Au NP and Au NR decorated onto
TiO2. To reveal the structural quality at the interface between Au/TiO2, an HRTEM image
obtained from the dashed square area in Figure 5a presents a sharp interface between Au
NP-, Au NR- and TiO2 that facilitates the charge transfer to reduce the charge recombination
(Figure 5b). In addition, the three crystallite domains have different orientations and lattice
spacings of approximately 0.23 nm, 0.20 nm, and 0.35 nm, which correspond to the Au (111),
Au (200) (AMCSD–0011140), and anatase TiO2 (101) planes (AMCSD–0019093), respectively.
Thus, it is evidenced that the close contact metal-semiconductor (Au-TiO2) heterostructure
is successfully formed.
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Figure 4. SEM images of (a) TNWs/TNAs (S1), (b) Au NPs-TNWs/TNAs (S2), (c) Au NRs-
TNWs/TNAs (S3), and (d) Au NPs-NRs-TNWs/TNAs (S4). (e) A typical cross-sectional SEM image
of the TiO2 films in this study. (f) The typical EDS spectra of S1 and S4 in this study.

 

Figure 5. (a) An HRTEM image of Au-NPs-NRs-TNWs/TNAs (S4). (b) An HRTEM image obtained
from the dashed square area in panel (a), showing the crystal structure at the interface of Au NP–Au
NR and TiO2.

To elucidate the chemical states, compositions, and functional groups on the surfaces of
the studied nanomaterials, the XPS spectrum of a representative Au NPs-NRs-TNWs/TNAs
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film (S4) was measured. Figure 6a is a wide-scan XPS spectrum of S4, which clearly shows the
spectra of Au 4f, Ti 2p, and O 1s. In Figure 6b, Au 4f7/2 peaks at 83.2 eV, which was lower
than the Au 4f7/2 at 84.0 eV of Au in the metallic state (see Figure 6a inset for confirming
the Au binding energy) [2,39]. The Au 4f7/2 peak exhibited a negative shift by 0.8 eV, which
could be due to the electron transfer from oxygen vacancies of TiO2 to Au, suggesting the
strong interaction between TiO2 and Au. This result agreed well with the results for the
dendritic Au/TiO2 nanorod arrays [2] and Au/TiO2 nanotubes [40]. The C 1s presented a
main peak at 184.8 eV of C=C and a small peak of O=C– at 188.3 eV, suggesting the formation
of bond type O=C–O–Ti and C–O group (Figure 6c) [41]. In addition, according to the
deconvolution results, Ti 2p1/2 and Ti 2p3/2 peaks were located at 464.4 eV and 458.7 eV,
respectively (Figure 6d), indicating the Ti4+ oxidation state [2,40,41]. As shown in Figure 6e,
the O 1s spectrum is asymmetrical and it has an extending tail towards the higher energy.
The O 1s was deconvoluted into three component peaks at 530.0 eV, 531.8 eV, and 533.7 eV,
which could be assigned to (i) O2− in the TiO2 lattice, (ii) Ti–OH or C=O groups bound to two
titanium atoms, (iii) OH groups bound to C and/or Ti, respectively [42,43].

 

Figure 6. (a) Wide-scan XPS spectrum of Au NPs-NRs-TNWs/TNAs (S4); Inset shows Au 4f and C1s
calibrated at 284.8 eV. High-resolution spectrum for (b) Au 4f; (c) C 1s; (d) Ti 2p; (e) O 1s.

To evaluate the PEC activity of TNWs/TNAs and Au-TNWs/TNAs, linear sweeping
voltammetry (LSV) curves were performed using the sample as photoanode, Pt as a counter
electrode, and Ag/AgCl as a reference electrode and under the UV-Vis irradiation. As
shown in Figure 7a, without illumination, all the TNWs/TNAs and Au-TNWs/TNAs
photoanodes exhibited negligible photocurrent density (J) in the whole potential range [44].
The J increased remarkably for all the photoanodes with illumination, indicating typical
properties of the semiconductor. Moreover, the J of Au-decorated TNWs/TNAs was
remarkably higher than that of TNWs/TNAs photoanode. At 0.15 V, the J values of S1, S2,
S3, and S4 were 0.24, 0.32, 0.31, and 0.40 mA/cm2, respectively (Figure 7a). This means
that Au NPs-NRs-TNWs/TNAs (S4) possessed the highest PEC activity among all the
investigated photoanode nanomaterials.
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Figure 7. (a) Linear sweep voltammetry (LSV) of TNWs/TNAs and Au-TNWs/TNAs (S1–S4)
recorded in a 0.5 M Na2SO4 solution under the illumination of 100 W xenon lamb. (b) Chronoampero-
metric I−t curves for the samples collected at 0.15 V versus RHE under the UV-Vis irradiation of 100 W
xenon lamp. (c) A schematic illustration for PEC water splitting using Au NPs-NRs-TNWs/TNAs
array as a photoanode.

Table 1 summarizes the photocurrent densities of the optimal Au-TiO2-based photoan-
odes developed in this study and in the literature [45–49]. The J of the Au NPs-NRs-TiO2 pho-
toanode (0.4 mA/cm2) was higher than that of Au/reduced graphene oxide/hydrogenated
TiO2 nanotube arrays (Au/RGO/H-TNTs, 0.22 mA/cm2) under the visible light irradia-
tion [45], but it was 2.4–6.8 times lower than the optimum J values of Au/TiO2/Au heterostruc-
ture (0.94 mA/cm2) [46], Au/TiO2 nanorod arrays (1.1 mA/cm2) [47], Au NPs-NRs/TiO2
nanowires (1.49 mA/cm2) [11], Au NPs- branched TiO2 (2.5 mA/cm2) [48], and Au NPs/3D
TiO2 nanorods (2.7 mA/cm2) [49]. The different J values from different studies are attributed
to both the intrinsic different PEC properties of the photoanodes and the different PEC
experimental conditions (e.g., light source, potential, and electrolyte).

Figure 7c presents a schematic diagram of a possible PEC water-splitting process
for Au NPs-NRs-TNWs/TNAs. The photoanode exhibited an enhanced PEC activity
owing to the following factors: (1) the LSPR of Au NPs and Au NRs improve the light-
harvesting capability and the light absorption in both Vis and IR regions (Figure 3c,d), (2) the
enhancement of photogenerated carriers’ density due to LSPR at Au NPs and Au NRs,
(3) the LSPR hot electrons (e−) in Au NPs and Au NRs can inject into the conduction band of
TiO2 to improve the electrons’ injection efficiency and reduce electron-hole recombination
rate [48]. Therefore, these synergistic effects of Au NPs-NRs-TNWs/TNAs resulted in the
highest PEC performance over either the single-type Au-decorated TNWs/TNAs or the
pristine TNWs/TNAs.

The photocurrent response graphs at 0.15 V of the photoanodes with controlling of the
on–off irradiation cycle are shown in Figure 7b. The measured J values were exactly consis-
tent with those recorded in the LSV experiments at 0.15 V. Based on the J values, the PEC
performance of the four photoanode nanomaterials was in the order of S4 > S2 > S3 > S1.
Furthermore, though witnessing a considerable photocurrent drop in the first 25 s, the
photocurrent remained relatively stable during the test lasting 270 s, with only a 13% J
decrease with respect to the maximum J value.
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Table 1. Photocurrent density and photoelectrochemical measurement conditions of the optimal
Au/TiO2-based photoanodes developed in this study and in the literature.

Photoanode Nanomaterial
Electrolyte/Potential

(V) vs. RHE
Illumination

Photocurrent
Density (mA/cm2)

Ref.

Au NPs-NRs/TNWs/TNAs 0.5 M Na2SO4/0.15 V 100 W Xe lamp 0.40 This study
Au/RGO/H-TNTs 1 M KOH/1.23 V Xe lamp, AM 1.5G filter, λ > 400 nm 0.22 [45]

Au/TiO2/Au heterostructure 1 M KOH/0.2 V 300 W Xenon Lamp, 100 mW/cm2

UV–100 mW/cm2 Vis
0.94 [46]

Au/TiO2 nanorod arrays 0.5 M Na2SO4/1.0 V 500 W Xe lamp, 100 mW/cm2 1.1 [47]
Au NPs-NRs/TiO2 nanowires 1 M KOH/0 V AM 1.5G, 100 mW/cm2 1.49 [11]

Au NPs-branched TiO2 0.5 M Na2SO4/1.23 V 500 W Xe lamp, 100 mW/cm2 2.5 [48]
Au NPs/3D TiO2 nanorods 1 M NaOH/0 V 150 W Xe lamp, AM 1.5G, 100 mW/cm2 2.7 [49]

Since S4 possessed the highest PEC activity, it was of interest to further study its photo-
catalytic activity in the degradation of MB. Figure 8a,b show MB degradation by photolysis
and photocatalysis using S1 and S4 under the UV-Vis irradiation of a 100 W xenon lamp. It is
seen that the main MB absorbance at λmax∼659 nm decreases substantially with the increase
in the irradiation time (Figure 8c). Clearly, both photolysis and photocatalysis induced the
decrease of MB concentration with the exponential decay, Ct = C0 × e−kt, where C0 is the
initial concentration, Ct is the concentration of MB at time t, and k is the reaction rate constant
(h−1). In Figure 8d, the k is obtained by performing the linear fitting on the plot of −ln(Ct/C0)
vs. t. Specifically, the k of the photolysis process was a low value of 0.13 h−1, indicating
that MB is quite stable under UV-Vis irradiation (Figure 8d inset). Meanwhile, under the
photocatalytic reactions, the k values of S1 and S4 were 0.28 ± 0.02 h−1 and 0.70 ± 0.07 h−1,
respectively (Figure 8d inset). This means that the k value of Au NPs-NRs- TNWs/TNAs was
2.5 times higher than that of TNWs/TNAs, which indicates a dramatic enhancement in the
photocatalytic activity of TiO2 by introducing a mixture of Au NPs and Au NRs.

 

Figure 8. (a,b) Changes in UV-visible absorption spectra of MB by TNWs/TNAs (S1) and Au NPs-
NRs- TNWs/TNAs (S4) as a function of irradiation time. (c,d) Variations in (Ct/C0) and −ln(Ct/C0)
as a function of irradiation time. Inset in (d) is the reaction rate constant (k) of S1 and S4.
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For reference, Table 2 summarizes the k values of TiO2-based nanophotocatalysts
prepared by some methods in this study and the relevant literature [10,50–53]. It is very
hard to make the right comparison when each developed TiO2-based nanophotocatalyst
has its intrinsic properties (e.g., morphology-surface area, crystal structure, composition,
decoration, or doping content) and different photocatalytic reaction conditions (e.g., catalyst
dosage, light source, initial concentration of MB). Generally, the k value of the present
TNWs/TNAs (0.28 h−1) was twice higher than those of the 40 nm-TNAs/20 nm-TNWs
(0.13 h−1) and the TiO2 nanoparticles film (0.14 h−1) in ref. [10], which could be due to
the larger surface area associated with the thicker TNAs and longer TNWs film in this
study. Meanwhile, the k value of Au NPs-NRs- TNWs/TNAs (0.7 h−1) was comparable
with those of the optimal Ag/TiO2 nanoparticles (0.65 h−1) [50] and the Bi-Fe doped TiO2
(0.78 h−1) [51]. However, the k value of Au NPs-NRs- TNWs/TNAs was 2.1–2.7 times
lower than the k values of the brookite phase TNAs (1.45 h−1) synthesized by anodization
and annealed at 500 ◦C [53], and of the SnO2 NPs-decorated TNAs (1.86 h−1) prepared by
anodization and solvothermal process [52].

Table 2. The synthesis methods and photocatalytic reaction rate constants in the degradation of
methylene of the selected TiO2-based nanophotocatalysts in this study and the literature.

Photocatalyst Synthesis Methods Reaction Rate (h−1) Ref.

TNWs/TNAs Anodization 0.28 ± 0.02 This study
Au NPs-NRs/TNWs/TNAs Turkevick method–anodization–drop casting method 0.70 ± 0.07 This study
40 nm-TNWs/20 nm-TNAs Anodic oxidation 0.13 [10]
TiO2 nanoparticles P25 film - 0.14 [10]

TNAs Anodization 1.45 [53]
Ag/TiO2 P25 Photo-reduction method 0.65 [50]

Bi-Fe doped TiO2 Wet impregnation technique 0.78 [51]
SnO2 NPs-decorated TNAs Anodization–solvothermal process 1.86 [52]

To elucidate the mechanism of the photocatalytic activity enhancement in Au NPs-
NRs-TNWs/TNAs, the absorption spectra of S1 and S4 were measured and shown in
Figure 9a. Obviously, the TNWs/TNAs exhibited a typical absorption spectrum of TiO2,
characterized by a gradually increased absorbance in the IR-Vis region and a sharply
increased absorbance in the UV region. Meanwhile, Au NPs-NRs-TNWs/TNAs had an
LSPR peak of Au NPs at approximately 512 nm, and a broad intense absorption peak at
1192 nm owing to the LSPR peak of Au NRs.

 
Figure 9. (a) Absorption spectra of the solution of S1 and S4 prepared by scratching 1 mg powder of
TNWs/TNAs and Au-TNWs/TNAs. (b) A proposed mechanism for the photocatalytic activity of
Au-TiO2 upon the excitation of the Au surface plasmon band.

As shown in Figure 9b, a proposed mechanism of the significant k enhancement by
decorating TNWs/TNAs with Au NPs and Au NRs is due to the LSPR effect [11,25,28,54,55].
In fact, the LSPR peaks at 112 nm for Au NPs and 1192 nm for Au NRs were observed, as
shown in Figure 3c,d and Figure 7a. For describing LSPR, when the electromagnetic field of
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the incident light becomes associated with the oscillations of the conduction electrons of Au
NPs and Au NRs, the local electromagnetic fields near the surface of Au NPs and Au NRs
enhanced strongly [11,23]. Indeed, by 3D finite-difference time-domain simulation, the
electrical field amplification at the Au/TiO2 interfaces upon SPR excitation was observed
clearly [11,23,49]. Therefore, the enhanced photocatalytic activity of Au NPs-NRs-TiO2
in this study is attributed to the LSPR absorption of Au NPs and Au NRs under Vis-IR
illumination to generate photoexcited electrons in LSPR states and holes. Then, the energetic
electrons can inject into the conduction band of TiO2 that leads to the enhanced separation of
photo-excited electron-hole pairs, and generate a larger amount of reactive oxygenated free
radicals (e.g., O2

•− and •OH) to trigger photocatalytic reactions (Figure 9b) [15,28,38,56,57].
Since Au NPs-NRs-TNWs/TNAs obtained the LSPR-absorption in both Vis and IR regions,
they achieved the best PEC activity among the four nanomaterials and presented a high
photocatalytic performance. It is worth mentioning that a further study on Au NPs-NRs-
TNWs/TNAs with different Au NPs- and Au NRs- sizes, amounts, and mixing ratios is of
great interest to further enhance the PEC and photocatalytic properties of the nanomaterial.

4. Conclusions

TNWs/TNAs and Au-TNWs/TNAs nanomaterials were successfully synthesized
by the anodic oxidation method combined with a chemical reduction method, and their
PEC and photocatalytic activities were studied. The TNWs/TNAs and Au-TNWs/TNAs
exhibited pure anatase phase of TiO2 with (0 0 4), (1 0 1), and (1 0 5) preferred orientations,
and componential Au (111) peak was observed for Au-TNWs/TNAs. The samples pre-
sented well-defined and uniform structure of TNWs/TNAs (i.e., TiO2 nanowire length
of ~6.0 μm covering on TiO2 nanotubes arrays with tube diameter of ~80 nm and tube
length of ~6.0 μm). Additionally, sharp Au/TiO2 interfaces were observed via HRTEM
images, and XPS results confirm for the strong interaction Au-TiO2, the Ti4+ oxidation state,
and the typical functional groups on the material surfaces. In addition, Au NPs (size of
19.0 ± 1.9 nm) and Au NRs (width of 14.8 ± 1.3 nm and length of 99.8 ± 15.1 nm) were
relatively even decoration on TNWs/TNAs. The EDS results show that Au-decorated
content onto TiO2 was 0.7 ± 0.2 at.%. For PEC properties, the photocurrent density (J)
at 0.15 V was 0.24 mA/cm2 for TNWs/TNAs, 0.32 mA/cm2 for Au NRs-TNWs/TNAs,
0.31 mA/cm2 for Au NPs-TNWs/TNAs, and 0.40 mA/cm2 for Au NRs-NRs-TNWs/TNAs.
This means that Au NRs-NRs-TNWs/TNAs achieved the best PEC activity owing to the
LSPR-absorption of Au NPs and Au NRs in the Vis and IR regions. Furthermore, Au
NPs-NRs-TNWs/TNAs possessed a high photocatalytic performance in MB degradation
with k = 0.7 h−1, which was 2.5 times higher than that of the pristine TNWs/TNAs. These
study results demonstrate that the PEC and photocatalytic properties of semiconductors
can be enhanced by combining various nanostructures of plasmonic noble metals.
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Abstract: The fabrication of nanostructured composite materials is an active field of materials chem-
istry. However, the ensembles of nanostructured titanium monoxide and suboxide species decorated
with polyaniline (PANI) species have not been deeply investigated up to now. In this study, such
composites were formed on both hydrothermally oxidized and anodized Ti substrates via oxidative
polymerization of aniline. In this way, highly porous nanotube-shaped titanium dioxide (TiO2) and
nano leaflet-shaped titanium monoxide (TiOx) species films loaded with electrically conductive PANI
in an emeraldine salt form were designed. Apart from compositional and structural characterization
with Field Emission Scanning Electron Microscopy (FESEM) and Raman techniques, the electrochemi-
cal properties were identified for each layer using cyclic voltammetry and electrochemical impedance
spectroscopy (EIS). Based on the experimentally determined EIS parameters, it is envisaged that
TiO-based nanomaterials decorated with PANI could find prospective applications in supercapacitors
and biosensing.

Keywords: polyaniline; titanium; monoxide; titanium dioxide; oxidative polymerization; anodizing;
electrochemical impedance spectroscopy

1. Introduction

Electrically conducting polymers are promising alternative materials for technological
applications in many areas, including chemistry, material sciences, and engineering [1,2].
Conducting polymers-based nanocomposites also have outstanding potential applications
in biomedical fields [3], such as antimicrobial therapy [4], drug delivery [5], wearable energy
harvesting devices [6], nerve regeneration [7], and tissue engineering [8]. Conducting poly-
mers are also frequently applied in the design of supercapacitors [9]. Modification of metal
oxides by conducting polymers significantly improves electrochemical capacitance [10].
Capacity variations of conducting polymer-based structures can be well applied in various
conducting–polymer-based sensors [11] and biosensors [12]. Due to its high electrical
conductivity, biocompatibility, low toxicity, and good environmental stability, polyaniline
(PANI) is one of the most studied conducting polymers [13]. Three redox forms of polyani-
line are usually distinguished: leucoemeraldine (reduced), emeraldine (half-oxidized), and
pernigraniline (fully oxidized), differing in color and electrical conductivity [14,15]. Tradi-
tionally, PANI layers are designed onto various substrates by electrochemical treatment in
acidic solutions containing aniline. PANI can also be synthesized by chemical oxidative
polymerization (COP) of aniline monomer using ammonium persulfate as a redox initia-
tor [16]. However, to the extent of the authors’ knowledge, only a few reports have covered
titanium monoxide and suboxide structures with PANI at the time of this writing [17,18],

Coatings 2022, 12, 1615. https://doi.org/10.3390/coatings12111615 https://www.mdpi.com/journal/coatings
171



Coatings 2022, 12, 1615

whereas none of them investigated nanostructures or nanostructured surfaces as it is done
in this study.

There is a variety of applications for titania [19], but for titanium suboxides, despite
their advantageous properties such as high electrical conductivity and low bandgap [20],
application areas are still not clear. Up to now, several publications have reported on
titanium–suboxides-based gas sensors [21,22], microbial fuel cells [18], substrates for elec-
trocatalysts [23], solar cells [24], optoelectronic devices [25], batteries [26], etc. While many
common synthesis methods exist for TiO2, such as anodization [27], microwave synthe-
sis [28], laser beam treating [29] and chemical oxidation [30], these methods are not suitable
for the formation of nonstoichiometric titanium oxide structures. One of the well-known
approaches for the formation of titanium suboxide materials is the reduction of TiO2 by
heating in an H2 atmosphere, with TiH4, NaBH4, Al, Mg, either with Zn powder [31–33].
Note that the presence of oxygen vacancy, Ti3+ and Ti-OH in titanium monoxides and
suboxides contributed to their high photocatalytic efficiency and significantly lower band
gaps [20]. However, these processes require lengthy processing at high temperatures in
a vacuum, and both structure size and surface morphology are difficult to control [34].
Therefore, in this study, we designed the chemical oxidation of the Ti surface into titanium
suboxide thin films by hydrothermal treatment under appropriate oxidation/dissolution re-
activity with a controllable thickness and surface morphology. For this, an alkaline solution
of 0.4 mol L−1 H2SeO3, already reported by us [35], has been slightly modified and used in
this study. In this way, highly porous nanostructured films composed of titanium monoxide,
TiOx, species possessing a low band gap (1.29 eV) value and hierarchical morphology have
been prepared.

The aim of this study is the formation of nanoplatelet titanium monoxide films dec-
orated with polyaniline (PANI) for application as a supercapacitor. Decorated titanium
monoxide film surface morphology was investigated by FESEM, the formation of PANI in
Emeraldine form was proved by Raman spectroscopy, whereas cyclic voltammetry and
electrochemical impedance spectroscopy were applied for the investigation of capacitive
properties. Moreover, for purposes of comparison, PANI deposited onto anodized Ti
substrates was investigated in this study.

2. Materials and Methods

2.1. Synthesis and Characterization

Analytical grade ammonium fluoride, sodium hydroxide, potassium peroxydisulfate,
K2S2O8, acids: HCl, H3PO4, HClO4, H2SeO3, and aniline purchased from Sigma-Aldrich
were used for the preparation of aqueous solutions. The 99.7% purity Ti working samples
in dimensions of 10 × 10 mm2 were cut from a Ti foil, 0.127 mm thick (Sigma-Aldrich,
Taufkirchen, Germany). The samples were ultrasonically cleaned by sonication in acetone,
ethanol and water baths, 6 min each. An aqueous solution containing 2 mol L−1 H3PO4
and 0.3 mol L−1 NH4F was applied for Ti nanoporous anodizing at 20 V for 2 h., whereas
chemical oxidation of Ti foil was performed by hydrothermal treatment in an alkaline
solution of 0.3 mol L−1 H2SeO3 and NaOH at 150–200 ◦C for 15 h., as previously reported
by us [35], followed by rigorous rinsing. To obtain a denser and thicker layer compared
to the previous study, the pH of the solution was increased to 10.0 and the temperature
of autoclaving to 200 ◦C. Prior to further depositions, all samples were annealed in argon
at 350 ◦C for 2 h. Similar to the methodology reported by Rahman et al. [36], an aqueous
solution of HCl, aniline and potassium peroxydisulfate (K2S2O8) was used for the chemical
deposition of polyaniline. For this purpose, 0.02 mL aniline was dissolved under vigorous
stirring in 22 mL 1.0 mol L−1 HCl solution at the ice temperature. Then, 2 mL of a solution
containing 25 mg mL−1 K2S2O8 salt also kept at ice temperature was added dropwise under
intense stirring, then the Ti sample was inserted in the mixture and kept from 12 to 48 h.
Finally, the sample was washed with water several times, dried at 60 ◦C, and stored in
a desiccator for characterization. SEM images were obtained using the Helios Nanolab
650 field emission scanning electron microscope (FEI Eindhoven, The Netherlands).
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2.2. Raman Spectroscopy

A Renishaw InVia spectrometer (Wotton-under-Edge, UK) equipped with a thermo-
electrically cooled (−70 ◦C) CCD camera and a microscope was used for Raman spec-
troscopy measurements. Raman spectra were excited with 632.8 nm radiation from a
He-Ne gas laser. The 20×/0.40 NA objective lens and 1800 lines/mm grating was used,
where the accumulation time of Raman spectra was 400 s. The power of the laser was
decreased to 0.3 mW to avoid possible destruction of the samples. The polystyrene standard
spectrum was used to calibrate the Raman scattering wavenumber axis. Experimental data
were fitted with Gaussian-Lorentzian shape components using GRAMS/A1 8.0 (Thermo
Scientific, Waltham, MA, USA) software to determine the parameters of the bands.

2.3. Electrochemical Measurements

Electrochemical measurements of cyclic voltammetry and electrochemical impedance
spectroscopy were carried out using an electrochemical workstation Zahner Zennium (Kro-
nach, Germany) in a standard three-electrode cell with the working electrode, Ag/AgClsat
reference electrode, and platinum (99.99% purity, Aldrich) wire as a counter electrode. As
a working electrode, pristine substrates and PANI-decorated substrates (12 h incubation
time) were selected. Electrochemical impedance spectroscopy (EIS) was conducted in a
frequency range of 0.1 Hz–105 Hz with 10 mV amplitude. The data were normalized to the
surface area of the electrodes (0.16 cm2). Multiple experiments (up to 5) were carried out to
account for data discrepancy.

3. Results

3.1. Structural Characterization

Hydrothermal treatment of titanium in strongly alkaline solutions at 150–200 ◦C
results in its surface etching and oxidation covering by densely packed crystallite grains
(Figure 1A). The average size of titanium hydrate species varied from several to several
tens of nanometers, depending on the processing conditions, such as the solution pH,
temperature, and treatment duration. The subsequent calcination of this ensemble at
300–350 ◦C in air results in titanium hydrate crystallization to TiO2 [37,38].

Figure 1. Top-side SEM images of the Ti surface after hydrothermal treatment in the solution of
NaOH (pH = 11.0) at 150 ◦C for 15 h (A) and 0.3 mol L-1 H2SeO3 + NaOH solution (pH = 10.0) at
150 ◦C (B).

However, variations in the hydrothermal treatment conditions and pH did not allow
us to form nanostructured titanium monoxide or suboxide films. Therefore, in this study,
we applied the hydrothermal processing in an aqueous alkaline solution containing SeO3

2−,
which upon a slow hydrolysis reaction at high temperature and pressure produces reactive
OH− species and TiOH [35]. Long-time hydrothermal treatment of a Ti substrate in this
solution even at 150 ◦C resulted in the formation of a thin (∼=1.0 μm) layer comprising a
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leaflet-type species array (Figure 1B). The rise in the autoclave temperature to 200 ◦C results
in the formation of thicker films of the more densely packed and needle-shaped leaflets
with lateral dimensions of 8–13 nm × 0.5–1.1 μm (Figure 2A). The SEM images shown in
the Figure 2B–D panels imply that the entire surface of all TiOx needle-shaped leaflets is
decorated with frost-type precipitates after prolonged sonication of the TiOx in the cold
aniline solution with potassium persulfate. Upon vigorous mixing for 12, 24, and 48 h,
the initial thickness of TiOx needles increased to 50–60 nm, 150–170 nm, and 200–250 nm,
respectively, although the porous morphology of the film was preserved even after 48 h
of processing. From the previous research, after calcination in an oxygen-free atmosphere,
these leaflets comprise titanium monoxide [35].

Figure 2. Top-side FESEM images of TiOx film before (A) and after (B–D) covering with polyaniline
by chemical oxidation of aniline with potassium persulfate at 2–4 ◦C for 12 (B), 24 (C), and 48 h. (D).
The inset shows the film thickness of film grown at 200 ◦C for 15 h: pH = 10; 0.3 M SeO3

2−.

For purposes of comparison, we also prepared Ti samples covered with porous an-
odic oxide film sandwiched with PANI, focusing on the relation between structure and
electrochemical properties between these layers. The Ti surface was prepared by anodizing
in an aqueous solution containing 2.0 mol L−1 H3PO4 and 0.2 mol L−1 NH4F at 20 V for
3 h and subsequent oxidation of aniline with K2S2O8 at ice temperature for 12 h. The
aniline-K2S2O8 solution was found to greatly influence the microstructure of PANI species
deposited on the nanotubed anatase TiO2 surface (Figure 3). We established that formation
of polymer species on the TiO2 substrate by chemical oxidation of aniline proceeds easily
and required no surface pretreatment, as reported previously [39]. Furthermore, the mor-
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phology of as-formed species onto the TiO2 surface differs significantly from the frost-type
precipitates decorated on the TiOx leaflets (Figure 3).

Figure 3. Panoramic (A) and top-side [inset in (A)] SEM image of TiO2 film before and after polyani-
line chemical deposition (B) from an aqueous solution of 1 mol L−1 HCl containing 0.9 mL L−1

aniline and 90 mL L−1 K2S2O8 solution (2.5 wt.%) at ice temperature for 12 h.

3.2. Raman Spectroscopy

Resonance Raman spectroscopy provides rich molecular level information on the
structure, oxidation and protonation states of polyaniline (PANI) [14,40–44]. Figure 4 com-
pares 632.8-nm excited Raman spectra of Ti/TiOx/PANI and Ti/TiO2/PANI samples. Two
strong bands at 1169 and 1589 cm−1 belong to C−H bending and C=C stretching vibrations
of quinone rings, respectively, whereas the broad feature at 1487 cm−1 is associated with
C=N stretching vibration of an emeraldine base (imine sites) [14,40]. The shoulder near
1618 cm−1 is related to the stretching vibration of the benzene ring. Both samples exhibit
a strong band near 1339 cm−1 which was assigned to stretching vibration of polaronic
structures C~N+ possessing a bond intermediate between the single and double bonds [43].
These structures are responsible for the conductivity of the film. The middle-intensity
feature near 812 cm−1 is related to C−N−C bending motion [14], whereas well-defined
bands at 521 and 428 cm−1 are associated with amine group in-plane deformation and ring
deformation modes [14,40]. The sharp band at 579 cm−1 was previously assigned to the
presence of phenazine-like crosslinked structures in the film [44,45]. Such structures are
usually synthesized during the annealing procedure at higher temperatures. The amount
of such structures is higher in the case of TiOx/PANI film. The low-intensity band at
1223 cm−1 is characteristic of the C−N stretching mode of emeraldine (amine sites) [14].

In general, the spectral pattern shown in Figure 4 indicates that the polyaniline films
are in the emeraldine structure. A relatively intense polaron band at 1339 cm−1 evidences
the presence of conductive emeraldine salt form in the films. However, because the relative
intensity of the polaronic band is higher for the sample Ti/TiOx/PANI, this sample should
possess higher conductivity. In addition, it should be noted that sample Ti/TiOx/PANI
contains a higher number of phenazine-like structures.
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Figure 4. Raman spectrum of (A)–Ti/TiOx/PANI sample and (B) Ti/TiO2-/PANI sample. Excitation
wavelength 632.8 nm (0.1 mW).

3.3. Electrochemical Analysis

Cyclic voltammetry and electrochemical impedance spectroscopy techniques were used
to elucidate the electrochemical properties of Ti/TiOx and Ti/TiO2 electrodes before and after
samples were decorated with PANI. Both Ti/TiO2 and Ti/TiO2/PANI samples exhibited
oxidation and reduction peaks upon injection of a redox probe (Figure 5A,C). However,
different redox reaction responses were observed among Ti/TiO2 and Ti/TiO2/PANI samples.
First, the peak-to-peak potential separation value (ΔEp) of the [Fe(CN)6]3−/[Fe(CN)6]4− redox
pair (Figure 5A,C) on the Ti/TiO2 sample decreased from 1020 mV to 100 mV when nanotubed
TiO2 film was decorated with PANI, a tenfold difference, implying a significant acceleration of
the electron-transfer process. Secondly, in the presence of a redox probe, the PANI-decorated
Ti/TiO2 specimens also exhibited significantly higher anodic and cathodic peak currents.

Contrary to Ti/TiO2 samples, no distinct oxidation and reduction peaks were observed
in the presence of a redox probe for the Ti/TiOx sample (Figure 5B). Furthermore, the peak-
to-peak potential separation value for Ti/TiOx was estimated to be ΔEp ~ 1500 mV, which
is significantly higher than the value observed for the Ti/TiO2 electrode, indicating that
electron-transfer kinetics are much slower due to the presence of a titanium monoxide
barrier. After decoration of TiOx leaflets with PANI, an obvious enhancement of redox
reaction was observed (Figure 5D). The Ti/TiOx electrode decorated with PANI displayed
significantly lower ΔEp value of 150 mV compared to ΔEp of 1500 mV obtained for Ti/TiOx
electrodes. Notably, both electrodes, i.e., Ti/TiOx/PANI and Ti/TiO2/PANI, display redox
reaction peaks, which are located at the potential associated with the transition of PANI
forms between leucoemeraldine and emeraldine (A1 and A2) and of by-products, namely,
hydroquinine/benzoquinone redox reaction (B1 and B2) [46,47].
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Figure 5. Nyquist plots of Ti/TiO2, Ti/TiO2/PANI (A) and TiOx, TiOx/PANI (B) with and without
(C,D) 5 mM [Fe(CN)6]3−/[Fe(CN)6]4− in 0.5 M HCl (pH = 3) solution. Scan rate: 10 mV s−1.

Electrochemical properties of PANI-decorated Ti/TiOx and Ti/TiO2 electrodes were
also investigated by electrochemical impedance spectroscopy. From the cyclic voltam-
metry data (Figure 5), it was determined that [Fe(CN)6]3−/[Fe(CN)6]4− redox reaction
potential depends on the film nature. For this reason, for EIS measurements, cathodic
peak potential obtained for the film in the presence of a redox probe was chosen and
compared with the same film without a redox probe. The obtained data are presented
in Nyquist plots (Figure 6). In most cases, two distinct parts can be observed in Nyquist
plots—a semicircle in the high-frequency region and the tail in a lower-frequency region.
The high-frequency region is related to the overall charge transfer resistance, Rct, between
the electrode-electrolyte interface. It was observed that the Nyquist plots of unmodified
Ti/TiO2 and Ti/TiOx samples do not display a semicircular shape (Figure 6A—filled rhom-
bus and open rhombus; Figure 6B—blue circles), producing a straight line approaching
90 degrees, meaning that impedance at the high and low frequency region is dominated by
capacitive behavior of the films. However, TiOx films in the presence of a redox probe in a
high-frequency region exhibit a semicircular shape (Figure 6B orange circles), indicating
that the process is limited to charge transfer. Unlike the TiOx films, an inclined line at 45◦ in
a lower-frequency region was observed on Ti/TiO2 films in the presence of a redox probe
(Figure 6A, open rhombus), showing that the redox reaction displays diffusion limitations,
which is referred as a Warburg impedance.

177



Coatings 2022, 12, 1615

Figure 6. Nyquist plots of Ti/TiO2, Ti/TiO2/PANI (A) and TiOx, TiOx/PANI (B) with and without
5 mM [Fe(CN)6]3−/[Fe(CN)6]4−. Insets: magnification of the spectra.

PANI-decorated films exhibit semi-circular shape in the high frequency range, dis-
playing charge transfer resistance (Figure 6A—open red triangles and filled dark yellow
triangles, Figure 6B—red open and filled squares) and different conductive properties.
Interestingly, smaller diameters of semicircle were obtained on both films in an absence of a
redox probe (Figure 6A—filled dark yellow triangles and Figure 6B—filled green squares),
exhibiting smaller charge transfer resistance. Another important characteristic of PANI-
decorated film spectra with or without a redox probe is a tail in a lower-frequency region
that is vertical and almost parallel to the imaginary impedance axis. Usually, the inclined
line in the lower frequency region is related to the porous structure of the electrode [48].
However, the morphology of flowered PANI species deposited onto the nanotubed TiO2
(Figure 3) differs significantly from the frost-type PANI species (Figure 2) deposited onto
the leaflets of TiOx (Figure 2). Clearly, observed similarities of the inclined line in a lower
frequency region of Ti/TiOx/PANI and Ti/TiO2/PANI derive from the PANI itself, which
indicates capacitive behavior. Such capacitive-like behavior represents an accumulation of
diffusion ions in the PANI structure [49,50].

All in all, PANI-decorated substrates exhibited significant difference from unmodified
films in electrochemical properties: enhanced conductivity together with electron-transfer
kinetics and near-ideal supercapacitive properties.

4. Conclusions

In this research, nanotubed TiO2 and nano leaflet-shaped TiOx films possessing dif-
ferent surface morphology were designed and decorated with PANI species by chemical
deposition. Based on SEM images, it was established that the surface morphology of titania
films greatly affects the morphology of PANI species. The frost-type PANI precipitates
were observed on TiOx nanoleaflets, and flower-like PANI fragments on a nanotubed TiO2
substrate. Raman spectroscopy suggested that in both cases, PANI films are in the emaral-
dine base state. We also determined the electrochemical properties of nanotubed TiO2 and
TiOx films, based on cyclic voltammetry and electrochemical impedance spectroscopy. As
expected, both films displayed capacitive behavior and impaired electron-transfer kinetics
due to the presence of the oxide layer on the Ti surface. However, samples decorated with
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PANI in all cases displayed different electrochemical properties: enhanced conductivity
and electron-transfer kinetics, and near-ideal supercapacitive properties.

We suppose that these substrates have an indispensable potential for the develop-
ment of novel supercapacitors. Nanotubed TiO2, TiOx, and PANI are considered to be
biocompatible; therefore, the findings in this study could find potential use in bio-organic
semiconductors for the detection of relevant biological material. Moreover, based on
the low-band gap of TiOx film, together with PANI decoration, possible applications for
supercapacitors or biosensors may be considered.
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Abstract: In this article, we demonstrate the van der Waals (vdW) epitaxial growth of ZnO layers
on mica substrates through a low-temperature hydrothermal process. The thermal pretreatment of
mica substrates prior to the hydrothermal growth of ZnO is essential for growing ZnO crystals in
epitaxy with the mica substrates. The addition of sodium citrate into the growth solution significantly
promotes the growth of ZnO crystallites in a lateral direction to achieve fully coalesced, continuous
ZnO epitaxial layers. As confirmed through transmission electron microscopy, the epitaxial paradigm
of the ZnO layer on the mica substrate was regarded as an incommensurate van der Waals epitaxy.
Furthermore, through the association of the Mist-CVD process, the high-density and uniform dis-
tribution of ZnO seeds preferentially occurred on mica substrates, leading to greatly improving the
epitaxial qualities of the hydrothermally grown ZnO layers and obtaining flat surface morphologies.
The electrical and optoelectrical properties of the vdW epitaxial ZnO layer grown on mica substrates
were comparable with those grown on sapphire substrates through conventional solution-based
epitaxy techniques.

Keywords: zinc oxide; van der Waals epitaxy; hydrothermal growth; Mist-CVD; mica

1. Introduction

Zinc oxide (ZnO) has attracted intensive research efforts for its versatile applications
in transparent electronics, solar cells, gas sensors, light-emitting diodes, laser diodes, and
photodetectors due to its excellent optoelectronic properties including wide band gap
(3.37 eV), high exciton binding energy at room temperature (60 meV), and high optical
transparency within the visible spectrum [1–8]. The epitaxial growth of ZnO layers is
essential for the development of advanced ZnO-based optoelectronic devices. For the
conventional epitaxy paradigm, due to the strong covalent interactions at the heterointer-
face, the heteroepitaxial growth of semiconductors or oxides on single-crystal substrates
requires a lattice-matched or small lattice-mismatched system, leading to only limited
combinations of materials suitable for heteroepitaxial growth. Recently, the van der Waals
(vdW) epitaxy, regarded as an incommensurate epitaxy, has been considered to enable an
heteroepitaxy with large lattice mismatching [9,10]. In contrast to a conventional covalent
epitaxy, the van der Waals epitaxy, mediated by the weak van der Waals force, can over-
come the limitation of the lattice mismatch between the overlayer and substrate. To date, a
considerable number of experimental and computational studies have been made on the
van der Waals epitaxy, such as the epitaxial growth of the two-dimensional layered (2D)
materials on either 2D or 3D (e.g., sapphire) single-crystal substrates [11–14]. In addition,
the epitaxial growth of 3D materials on van der Waals crystals whose surface is chemically
inert, and the lack of dangling bonds, such as muscovite mica, is also considered a category
of the vdW epitaxy paradigm [15]. By taking advantage of the weak-interlayer van der
Waals force, the ultra-thin mica sheet, with a thickness in the range of several micrometers,
can be readily obtained by cleaving along the (001) plane; the resulting muscovite mica

Coatings 2022, 12, 706. https://doi.org/10.3390/coatings12050706 https://www.mdpi.com/journal/coatings
183



Coatings 2022, 12, 706

sheet is highly transparent and flexible, making it a suitable substrate for application in
flexible optoelectronics [15–17]. Thus, to realize an advanced functional oxide heteroepi-
taxy, there is considerable interest in the vdW epitaxial growth of various functional-oxide
nanostructures or layers on the muscovite mica substrates [16–22].

In the last few years, many articles have been devoted to the study of the vdW
epitaxial growth of ZnO nanostructures or layers on muscovite mica substrates by using
the vapor-phase deposition process [23]. The Al-doped ZnO epitaxial layers, grown on
mica substrates, exhibited good flexibility and superior durability [17]. Li et al. reported
the epitaxial growth of quasi-2D ZnO single crystal plates on mica substrates by applying
the technique of pulse-laser-deposition (PLD)-assisted vdW epitaxy. Moreover, due to
weak interfacial interaction, the resulting ZnO plates could be easily transferred from
the mica substrate onto the SiO2/Si substrate to demonstrate the applications of vdW
epitaxial ZnO crystals in optoelectronic devices, including the self-powered ultraviolet
(UV) photodetector and UV light-emitting diode, respectively [24]. Thus far, the vdW
epitaxial growth of ZnO films on mica substrates has been mainly accomplished through
the high-vacuum vapor phase epitaxy technique. Although the solution-phase vdW epitaxy
of ZnO nanowires on mica substrates has been proven feasible [25], little attention has
been given to the point of vdW epitaxial growth of ZnO layers on mica substrates by the
solution-based or atmospheric-pressure process. In this study, we employed hydrothermal
growth and atmospheric pressure solution-processed mist chemical vapor deposition (Mist-
CVD) to implement the vdW epitaxial growth of ZnO films on mica substrates, because
of their low-cost equipment and non-vacuum system [26]. Furthermore, the study also
proposed a seed-assisted hydrothermal growth of vdW epitaxial ZnO films by combining
the Mist-CVD process with low-temperature hydrothermal growth, and investigated the
effect of growth conditions on the vdW epitaxial growth of ZnO films on mica substrates.

2. Materials and Methods

A freshly cleaved muscovite mica (V-1 grade) was used as the substrate for the van
der Waals epitaxial growth of ZnO crystals. For hydrothermal growth of ZnO, the samples
were immersed in an aqueous solution of 0.1 M zinc nitrate (Zn(NO3)2·6H2O, 99%, Showa)
and 0.1 M hexamethylenetetramine (HMT) ((CH2)6N4, 99%, Showa) at 90 ◦C for 5 h. A
different concentration of tri-sodium citrate dihydrate (Na3C6H5O7·2H2O, 99%, Aencore)
was added to the solution. The surface pretreatment of mica substrates was performed by
thermal annealing in air at various temperatures for 3 h. For seed-assisted hydrothermal
growth, the atmospheric-pressure Mist-CVD process was employed to implement the
van der Waals epitaxial growth of ZnO seeds on mica substrates, followed by subsequent
hydrothermal growth of ZnO layers. The configuration of the Mist-CVD apparatus used
in this work is illustrated in Figure 1. The apparatus consisted of a mist generator and a
horizontal quartz-tube furnace. In this study, the zinc source was zinc acetic dehydrate
(Zn(CH3COO)2·2H2O, 99%, Showa). An amount of 0.1 M zinc acetic was dissolved in a
solution mixture of deionized water and acetic acid (70:30). The precursor solution was
atomized into liquid aerosol particles by a 2.4 MHz ultrasonic transducer, and the aerosols
formed were transferred into a tube furnace with the carrier gas of either nitrogen (N2,
99.99% purity) or oxygen (O2, 99.99% purity), respectively, at a flow rate of 2 L/min. The
temperature and growth time for the vdW epitaxial growth of ZnO seeds on mica were
600 ◦C and 30 min, respectively.

To start with, surface morphologies of the samples were observed by field-emission
scanning electron microscopy (SEM, Hitachi, S4700). The structural properties of ZnO
films grown on mica were examined using an X-ray diffractometer (XRD, PANalytical,
X’Pert PRO-MPD). A cross-sectional sample was prepared with the focused ion beam
technique (FIB, FEI, Nova-200 NanoLab). The ZnO–mica interface was also observed by
high-resolution transmission electron microscopy (HRTEM, JEOL, JEM-2100F). The HRTEM
image of the ZnO–mica interface was further analyzed by Gatan Digital MicrographTM

software. The geometric phase analysis (GPA), developed by Hüytch et al., was performed
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on the HRTEM image to produce the strain map around the interface [27]. The Strain++
program was used for GPA [28–30]. Next, the room-temperature photoluminescence
(PL) spectrum was recorded by a Horiba Jobin Yvon HR800 system, with a 325 nm He-
Cd laser as an excitation source. The transmission spectrum was obtained using a UV-
Vis spectrophotometer (UV-Vis, Thermal Scientific, Evolution 201). Finally, the electrical
resistivity, carrier concentration, and mobility of the ZnO films were measured by a Hall-
effect measurement analyzer (MarChannel, AHM-800B).

Figure 1. The schematic illustration of Mist-CVD system.

3. Results

3.1. Van der Waals Epitaxial Growth of ZnO Films on Mica Substrates by Low-Temperature
Hydrothermal Growth Process

Figure 2a demonstrates the SEM image of ZnO micro-rods hydrothermally grown
on the as-cleaved mica substrate with 0.25 mM sodium citrate. The image shows that the
majority of ZnO micro-rods were oriented in random directions on the mica substrates.
Despite a few ZnO micro-rods with in-plane alignment existing on the sample (Figure 2b),
the epitaxial growth of ZnO crystals on as-cleaved mica, without other pretreatments in the
low-temperature aqueous solution, was indeed very difficult. Although a freshly cleaved
mica surface was usually used as substrates for the van der Waals epitaxy of various
oxide systems, the mica surface pretreatment was also the critical for the van der Waals
epitaxy of other semiconductor materials [31,32]. Thermal annealing is a common means
to modify the substrate surface for epitaxial growth [33,34]. Hence, we performed the
thermal annealing treatment of the mica substrates at various temperatures. Figure 2c
shows the hydrothermal growth of ZnO micro-rods performed on the 400 ◦C annealed mica
substrate; notably, several epitaxial ZnO micro-rods, exhibiting in-plane alignment, can
be observed on such substrates. Furthermore, with the increase in annealing temperature
to 600 ◦C, a high density of vertical aligned ZnO micro-rods grew on mica substrates
(Figure 2d). The magnified SEM image (Figure 2e) shows an in-plane alignment of most
of the vertically aligned ZnO micro-rods, indicating that the high-temperature annealing
treatment (~600 ◦C) of mica substrates is beneficial to the van der Waals epitaxial growth of
ZnO on mica in the aqueous solution at low temperature (~90 ◦C). In addition, highly dense
in-plane aligned ZnO rods, partially coalescing into continuous layers, can be found in the
other regions of the same sample, as shown in Figure 2f. For conventional hydrothermal
growth of ZnO micro-rods, the addition of tri-sodium citrate into the growth solution can
inhibit the growth along the c-axis of ZnO and promote the growth of ZnO along the lateral
direction. To demonstrate the addition effect of tri-sodium citrate in the zinc nitrate/HMT
precursor solution for the growth of ZnO crystals on mica substrates, the hydrothermal
growth of ZnO crystals in the solutions containing various citrate concentrations was
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implemented on 600 ◦C annealed mica substrates. Figure 3a shows the SEM image of the
ZnO micro-rods epitaxially grown on mica substrates in the precursor solution without
citrate. The diameters of the ZnO micro-rods were, obviously, much smaller (~1.3 μm)
than those grown (3 μm) in the solution with 0.25 mM citrate (Figure 2d). Remarkably, a
fully continuous ZnO layer was formed on the mica substrate in the solution containing
the citrate concentration of 0.5 mM, as shown in Figure 3b, indicating that the addition of
tri-sodium citrate in the precursor solution is a key factor for growing fully coalesced ZnO
films on mica substrates.

Figure 2. (a) SEM images of randomly oriented hydrothermally grown ZnO micro-rods, from
the solution containing 0.25 mM sodium citrate, on as-cleaved mica substrate and (b) a few ZnO
micro-rods with in-plane alignment existing on the other region of the same sample. SEM images
of ZnO micro-rods hydrothermally grown on (c) 400 ◦C and (d) 600 ◦C annealed mica substrates.
(e) Magnified SEM image of (d). (f) Partially coalesced ZnO layers formed on the other region of
600 ◦C annealed mica substrate.

Figure 3. SEM images of ZnO micro-rods hydrothermally grown on 600 ◦C annealed mica substrates
from the solution containing (a) 0 mM and (b) 0.5 mM sodium citrate.

The XRD measurement was carried out to gain insight into the microstructural proper-
ties of the epitaxial ZnO layer grown on the mica substrate in the solution with 0.5 mM
citrate. In Figure 4a, the profile of the θ-2θ scan of the continuous ZnO film grown on
the mica substrate revealed the preferred orientation of the c-axis, consisting of the re-
sults of SEM observation, as shown in Figure 3b. Figure 4b displays the XRD ϕ-scan
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profiles of ZnO {1011} and mica {202} planes. Based on the results of XRD ϕ-scans, the
ZnO film was in epitaxy with the mica substrate, with the in-plane orientation relation-
ship of (0001)ZnO||(001)mica and [1120]ZnO||[10]mica. To evaluate the mosaic spread and
epitaxial quality of the epitaxial ZnO layer, hydrothermally grown on the mica substrate,
we recorded the X-ray rocking curve (XRC) profile of the ZnO (0002) plane, as shown in
Figure 4c. The full-width at half-maximum (FWHM) value of XRC, for the (0002) plane of
ZnO, extracted by fitting a single pseudo-Voigt function was 0.51◦, which was significantly
broader than those of ZnO epitaxial layers grown on sapphire substrates under the similar
solution conditions [35,36].

Figure 4. (a) XRD θ-2θ profile, (b) XRD ϕ-scan of the ZnO {1011} and mica {202} reflections, and
(c) Rocking curve profile of the ZnO (0002) reflection for the continuous ZnO film hydrothermally
grown on 600 ◦C annealed mica substrate from a solution containing 0.5 mM sodium citrate.

We explored the interfacial characteristics of the vdW epitaxial ZnO micro-rods and
film hydrothermally grown on mica substrates by cross-sectional transmission electron
microscopy. Figure 5a,c show the cross-sectional TEM bright-field images of the ZnO micro-
rods and film hydrothermally grown on the 600 ◦C annealed mica substrates from the
solutions containing 0.25 mM and 0.5 mM sodium citrate, respectively. The corresponding
selective-area-electron-diffraction (SAED) patterns were taken from their interfacial regions,
as shown in Figure 5b,d, respectively, showing that the orientational relationship between
ZnO and mica was (0001)ZnO||(001)mica and [1120]ZnO||[310]mica for the ZnO micro-rods
grown from solution with 0.25 mM sodium citrate (Figure 5b) and (0001)ZnO||(001)mica
and [1120]ZnO||[10]mica for the ZnO film grown from the solution with 0.5 mM sodium
citrate (Figure 5d). Due to the (001) plane of mica possessing a quasi-hexagonal symmetry,

187



Coatings 2022, 12, 706

the angle between directions [10] and [310] was 59.96◦, which is very close to 60◦. Therefore,
while the ZnO <1120> directions were parallel to the mica <010> directions, the other
ZnO <1120> directions were almost nearly parallel to mica <310> directions. Based on
the SAED patterns, the epitaxial relationship between the ZnO layer and mica substrate
can be estimated as (0001)ZnO||(001)mica and [1120]ZnO||[010]mica, in agreement with the
results of the XRD ϕ-scan. Based on the cross-sectional TEM images, the height of the
resulting ZnO micro-rods (~4.2 μm) grown from the solution with 0.25 mM sodium citrate
was higher than that from the solution with 0.5 mM sodium citrate (~2.3 μm); hence, the
higher concentration of sodium citrate obviously reduced the growth rate along the c-axis
of ZnO crystals, consistent with the results of other reported studies in the literature. The
effect of sodium citrate as a crystal habit modifier on the morphology of ZnO has been
widely studied in the previous works [37–40].

Figure 5. (a) Cross-sectional bright-field TEM images of ZnO micro-rods and film hydrothermally
grown on mica substrates from solutions containing (a) 0.25 mM and (c) 0.5 mM sodium citrate.
(b,d) Corresponding SAED patterns recorded at the interfacial regions.
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In the previous report of the solution-phase vdW epitaxy of ZnO wires on the mica
substrate, the initial growth behavior of ZnO on mica, following the three-dimensional
island growth, was named the Volmer–Weber (VW) model. Two or more tiny wires
grown from nucleation islands were merged to form a single ZnO wire with a larger
diameter during the growing process. However, despite the coalesced ZnO wire being
confirmed as a single crystalline, the resulting wires would suffer certain lattice distortions
or strains due to the imperfect attachment of the different adjacent wires during the growth
process [25]. In this work, remarkably, the cross-sectional TEM image revealed the threading
dislocations present in either the micro-rods or the epitaxial layer, as indicated by white
arrows in Figure 5a,c. It is considered that the threading dislocations formed at the merging
boundaries accommodated the misorientations, originated from the imperfect attachment
among adjacent crystallites, and resulted in the broadening of the XRC peak (also see
Figure 4c) [41]. Furthermore, because of the less surface migration of growth species at
low growth temperature, the spaces, among these nucleation islands, persisted during the
growth process and left several tiny voids, as marked by blue arrows in Figure 5c, at the
heterointerface between the ZnO film and mica substrate [25].

The interfacial structure between the ZnO film and mica substrate (Figure 5c) was
visualized by using high-resolution transmission electron microscopy (HRTEM), viewed
along the mica [10] zone-axis, as shown in Figure 6a. An atomically abrupt interface,
without an obvious intermediate layer, can be observed at the ZnO/mica interface region.
The corresponding fast Fourier transform (FFT) pattern (Figure 6b) of the HRTEM image
was consistent with the SAED pattern (Figure 5d). The Fourier-filtered image reconstructed
by utilizing ZnO 1100 and mica 200 reflections is shown in Figure 6c. The measured
average lattice spacings of (1100)ZnO and (200)mica were about 0.2814 nm and 0.260 nm,
respectively; the values were nearly identical to the values of the standard JCPDS for ZnO
(JCPDS card No. 36-1451) and muscovite mica (JCPDS card No. 06-0263), respectively. At
the interface, the periodic misfit dislocations (indicated by red arrows) were evident in
the Fourier-filtered image (Figure 6c), with every 12 planes of ZnO (1100) matching with
13 planes of mica (200), which is the same as the results reported by Utama et al. [23]. The
calculated lattice mismatch between (1100)ZnO and (200)mica was about 8.23%, which was
accommodated by matching 12 × d(1100)ZnO with 13 × d(200)mica. Due to the near-strain
relaxation of ZnO, the incommensurate van der Waals epitaxy was considered as the valid
paradigm for epitaxial growth of the ZnO nanowire on the mica substrate.

For conventional covalent heteroepitaxy, the epitaxial films are strained to match the
underlying substrate; hence, the coherently strained layers exist adjacent to the interface.
To explore the lattice strain effect in the epitaxial ZnO layer, geometric phase analysis (GPA)
based on the HRTEM image was conducted to produce nanoscale strain maps. Figure 7a
shows the other HRTEM image of the ZnO layer/mica substrate interface, viewed along
ZnO [1120] direction. The x- and y-axis were parallel to the ZnO [1100] and ZnO [1]
directions, respectively. The 1100 and 0001 reflections of the ZnO were chosen from the
corresponding FFT pattern to implement geometric phase analysis (Figure 7b). The GPA
strain maps of strain components εxx and εyy obtained from the region adjacent to the
interface are illustrated in Figure 7c,d, respectively; notably, both strain maps of εxx and εyy
exhibited a nearly uniform distribution of the strain with the value close to zero (0.0 ± 0.01)
in the whole region of ZnO. The absence of a gradual variation in strain along the growth
direction indicated that the strained layer was not present around the interface. Therefore,
the epitaxial growth of ZnO on mica was nearly fully relaxed. In this work, the epitaxial
growth paradigm of ZnO film on the mica substrate was regarded as an incommensurate
van der Waals epitaxy.
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Figure 6. (a) HRTEM image of the ZnO layer–mica substrate interface viewed along the mica [10]
zone axis. (b) Corresponding FFT pattern of (a). (c) Fourier-filtered image reconstructed utilizing
ZnO 1100 and mica 200 reflections. The black triangles in the Fourier-filtered image indicate the
position of misfit dislocation.

Figure 7. (a) HRTEM image of the region adjacent to the interface between the ZnO layer and the
mica substrate viewed along the ZnO [1120] zone axis. (b) Corresponding FFT pattern of (a). The
1100 and 0001 reflections of the ZnO were chosen to implement geometric phase analysis. The GPA
strain maps of strain components (c) εxx and (d) εyy obtained from the region adjacent to the interface.
The red-dashed lines indicate the interface.
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3.2. Van der Waals Epitaxial Growth of ZnO Films on Mica Substrates through the
High-Temperature Seed-Layer-Assisted Hydrothermal Growth

For solution-phase van der Waals epitaxial growth of ZnO films on mica, less surface
migration of Zn-related species in the low-temperature environment led to the growth of
ZnO islands with a sparse nucleation density at the initial growth stage. As a result, the
coalesced epitaxial layer, following hydrothermal growth, featured a mosaic morphology
with large misorientations. Namely, the increase in nucleation density of ZnO crystallites
on mica at the initial growth stage is a straightforward strategy to ameliorate the growth
quality of ZnO epitaxial layers on mica. In this study, the high-temperature seed-layer-
assisted hydrothermal growth was performed. The seed layers can act as nucleation
sites to facilitate the formation of epitaxial ZnO crystallites on mica substrates with high
density. Prior to the hydrothermal growth of ZnO layers, the epitaxial ZnO seeds were
grown on the mica substrate using an atmospheric-pressure Mist-CVD process for 30 min.
Considering that the Mist-CVD process was carried out at high temperature (600 ◦C) under
atmospheric pressure, the as-cleaved mica substrates without annealing treatments were
used as the substrates for the vdW epitaxial growth of ZnO seeds. Taking advantage of the
elevated temperature, the adatom received sufficient thermal energy to enhance surface
migration, promoting the ZnO crystallite nucleation on mica at the initial growth stage and
eliminating the defects or/and imperfect arrangement in lattices. In order to scrutinize
the effect of ambient conditions on the growth behavior of ZnO seeds on mica during
the Mist-CVD process, the nitrogen (N2) and oxygen (O2) were used as the carrier gases
for the growth of ZnO seed layers on mica substrates, designated as Type A and Type B
seeds, respectively. Figure 8a,b show the SEM images of two types of ZnO seeds grown
on mica substrates. The surface morphologies revealed most of the ZnO crystallites with
hexagonal facets and an in-plane alignment on both samples, and it suggested that the ZnO
seeds were epitaxially grown on mica substrates by the Mist-CVD process under either
nitrogen or oxygen ambient conditions. Two forms of ZnO crystallites were observed with
different morphologies grown on the mica substrate under nitrogen ambient (Type A):
One of the ZnO crystallites presented a hexagonal rod-like morphology with a sharp tip,
and an average diameter of about 1.5 μm; the other form exhibited a flat top morphology
with a larger diameter of 3~5 μm. Notably, several ZnO crystallites were rotated by 30◦
with respect to the mica substrate, as indicated by the white arrows. The 30◦-rotated
domain usually existed in the epitaxial ZnO layers grown on c-plane sapphire substrates
and the (111) plane spinel substrates [42,43]. In contrast, the high density and uniform
distribution of well-faceted ZnO crystallites preferentially occurred under oxygen ambient
(Type B). Subsequently, both types of Mist-CVD-grown ZnO crystallites were used as a
seed layer for the hydrothermal growth of continuous ZnO films. Figure 8c,d display the
surface morphologies of the ZnO films grown on both types of ZnO seed layers through
the hydrothermal process for 5 h under the same hydrothermal growth condition as that
described before. Completely continuous ZnO films on either Type A or Type B seeds were
evident. For the ZnO films grown on Type A seeds, they revealed a surface morphology
featuring typical hexagonal mosaic structures. In addition, the 30◦-rotated domains, as
indicated by white arrows, were present in the ZnO layer (Figure 8c). On the other hand, the
ZnO layer grown on Type B seeds exhibited a nearly flat and smooth surface morphology,
as shown in Figure 8d.

XRD measurement was performed to evaluate the structural characteristic of the
coalesced ZnO films grown by the seed-layer-assisted hydrothermal growth. Figure 9
shows the XRD measurements of ZnO films grown on both types of ZnO seed layers. The
θ-2θ scan profiles of both samples revealed the ZnO films, featuring a c-axis-preferred
orientation, as shown in Figure 9a. Interestingly, the obvious difference in the XRD ϕ-scan
profiles of the two samples can be observed in Figure 9b,c. For the ZnO films grown on
Type A seeds, two sets of peaks with six-fold symmetry, relative to each other through
30◦ rotation about the surface normal, were present in the ZnO {1011} ϕ-scan, indicating
that two orientation variants of ZnO coexisted on the mica substrate, in agreement with
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the SEM observation (Figure 8c). We deduced the in-plane crystallographic relationship
between the ZnO and mica to be [1120]ZnO||[10]mica (original orientation variant) and
[1120]ZnO||[100]mica (30◦-rotated domain), respectively. Instead of the original orientation
variant, the 30◦-rotated domain was the dominant variant in the ZnO layer grown on the
seed layer (Type A) under nitrogen ambient conditions. In comparison, the XRD ϕ-scans
for ZnO {1011} reflections corresponding to the ZnO film grown on Type B seeds featured
merely one set of peaks with six-fold symmetry; moreover, the in-plane crystallographic
relationship was confirmed to be [1120]ZnO||[10]mica. The ambience during Mist-CVD
growth of ZnO seeds greatly influenced the epitaxial growth behavior of ZnO crystallites
on the mica substrate at the initial stage. The reason for the epitaxial orientations of the
ZnO seeds on the mica substrate as a function of growth ambient is still not explicit at the
moment. Nevertheless, the Mist-CVD growth environment, as well as the mica surface
conditions, might influence the adatom arrangement on the mica surface, and the detailed
mechanism will be clarified in future work.

Figure 8. SEM images of ZnO seeds grown on as-cleaved mica substrates by Mist-CVD at 600 ◦C
for 30 min under (a) nitrogen (Type A) and (b) oxygen (Type B) ambient. Subsequent hydrothermal
growth of continuous ZnO layers on (c) Type A and (d) Type B seeds.

The epitaxial quality of the coalesced ZnO films grown through the seed-assisted
hydrothermal growth was assessed by XRD rocking curve measurement. We performed
XRC measurements in on-axis symmetric (ZnO (0002) plane) and off-axis skew-symmetric
(ZnO (1011) plane) geometries to examine the out-of-plane and in-plane mosaic spreads
of the ZnO epitaxial films. Figure 10 shows the results of the XRC analysis of the ZnO
(0002) and (1011) planes for both samples. As expected, the XRC FWHM values (ω = 0.26◦
for (0002) plane; Δω = 0.7◦ for (1011) plane) of the ZnO layer grown on Type B seeds
were smaller than those of the film grown on Type A seeds (Δω = 0.41◦ for (0002) plane;
Δω = 1.6◦ for (1011) plane). The crystal quality of the epitaxial ZnO layer grown on mica
with Type B seeds was compared with those grown on the sapphire substrate under similar
growth conditions [35,36].
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Figure 9. (a) XRD θ-2θ profiles of ZnO layers hydrothermally grown on Type A and Type B seeds.
XRD ϕ-scan of the ZnO {1011} and mica {202} reflections for ZnO layers grown on (b) Type A and
(c) Type B seeds, respectively.

Figure 10. Rocking curve profiles of the (a) ZnO (0002) reflection and (b) ZnO (1011) reflection
corresponding to ZnO layers hydrothermally grown on Type A and Type B seeds, respectively.
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The characterization of optoelectrical and electrical properties is important for eval-
uating the potential application of vdW epitaxial ZnO layers in optoelectronic devices.
We recorded the room-temperature photoluminescence (PL) and UV-Vis spectra of the
vdW epitaxial ZnO films, corresponding to Figure 8c,d, hydrothermally grown on mica
substrates with Type A and Type B seeds, respectively. In Figure 11a, the PL spectra of
both samples exhibited a near-band edge (NBE) emission peak centered at 376 nm, and a
broad deep-level emission (DLE) in the range of 450–700 nm, arising from defect-related
emissions in the ZnO crystal. Based on the previous reports [44], this deep-level emission is
attributed to the recombination of various intrinsic point defects, such as oxygen vacancies
(Vo), zinc vacancies (VZn), and oxygen interstitials (Oi), which are usually abundant in
the chemical solution-derived ZnO crystals. Figure 11b shows the UV-Vis spectra of the
vdW epitaxial ZnO films grown on Type A and Type B seeds. An absorption edge near
the UV region and a high transparency in the visible spectral range can be observed in
both samples. The transmittance (T) of vdW epitaxial ZnO films in the visible region were
observed to be in the range of 60% to 70% for Type A seeds and 75% to 85% for Type B
seeds. The relatively low transmittance of the ZnO film grown on Type A seeds might be
attributed to the light scattering occurring on the uneven surface of the film. The optical
absorption coefficient (α) was calculated using the following equation:

α = −ln(T)/d (1)

where d is the thickness of the film. Figure 11c shows the corresponding (αhν)2 versus hν
(Tauc) plots. The optical band gaps of both vdW epitaxial ZnO layers were estimated to
be 3.25 eV through extrapolation of the linear region of the Taue plots. Furthermore, the
electrical properties of the vdW epitaxial ZnO layers grown on Type A and Type B seeds
were analyzed by Hall-effect measurement, respectively. Both ZnO films showed n-type
conductivity and the results of the electrical properties are summarized in Table 1. Based on
the above-mentioned results, it is evident that the vdW epitaxial ZnO on the mica substrate
is comparable, in terms of optical and electrical properties, with those grown on sapphire
substrates through conventional solution-phase epitaxy techniques [44–46].

Figure 11. (a) Room-temperature PL spectra, (b) transmittance spectra, and (c) corresponding plots
of (αhν)2 versus hν of the ZnO layers hydrothermally grown on Type A and Type B seeds.
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Table 1. Electrical properties of ZnO films hydrothermally grown on Type A and Type B seeds.

Type of Seeds
Electrical Resistivity

(Ω-cm)
Carrier Concentration

(cm−3)
Hall Mobility
(cm2V−1s−1)

Type A 0.84 1.5 × 1018 2.92
Type B 1.05 6.0 × 1017 11.55

4. Conclusions

In this work, we demonstrated the van der Waals epitaxial growth of ZnO films on
mica substrates in a low-temperature aqueous solution. Proper annealing of the mica
substrate was found to be critical for the solution-phase vdW epitaxy of ZnO micro-rods. A
fully coalesced, continuous, ZnO epitaxial layer could be obtained through the addition
of sodium citrate into the solution. The epitaxial relationship between the ZnO epitaxial
film and mica substrate was (0001)ZnO||(001)mica and [1120]ZnO||[10]mica, respectively.
The analysis of HRTEM images revealed the near-strain relaxation of ZnO adjacent to
the interface, and we, therefore, arrived at the outcome that the epitaxial paradigm of
ZnO films on the mica substrate was the incommensurate vdW epitaxy. Furthermore,
the seed-layer-assisted hydrothermal growth, implemented by combining the Mist-CVD
process with low-temperature hydrothermal growth, improved significantly the crystal
quality of the epitaxial ZnO layers on mica substrates. The in-plane alignment of Mist-CVD
grown ZnO crystallites was affected by the growth ambience. The use of oxygen as a carrier
gas promoted a high-density and even distribution of ZnO seeds on mica substrates, and
it resulted in the growth of a ZnO epitaxial layer with a nearly flat and smooth surface
morphology. Moreover, the optoelectronic and electrical properties of the vdW epitaxial
ZnO films were comparable to those grown on sapphire substrates by conventional solution-
based epitaxy techniques. Thus, these results led to the conclusion that the vdW epitaxial
ZnO films grown on mica substrates had great potential for optoelectronic applications.
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Abstract: Chemical bath deposition (CBD) is a suitable, inexpensive, and versatile synthesis technique
to fabricate different semiconductors under soft conditions. In this study, we deposited Zn(O;OH)S
thin films by the CBD method to analyze the effect of the number of thin film layers on structural
and optical properties of buffer layers. Thin films were characterized by X-ray diffraction (XRD) and
UV-Vis transmittance measurements. Furthermore, we simulated a species distribution diagram
for Zn(O;OH)S film generation during the deposition process. The optical results showed that the
number of layers determined the optical transmittance of buffer layers, and that the transmittance
reduced from 90% (with one layer) to 50% (with four layers) at the visible range of the electromagnetic
spectrum. The structural characterization indicated that the coatings were polycrystalline (α-ZnS and
β-Zn(OH)2 to four layers). Our results suggest that Zn(O;OH)S thin films could be used as buffer
layers to replace CdS thin films as an optical window in thin-film solar cells.

Keywords: solar cells; buffer layers; thin films; chemical bath deposition

1. Introduction

Nowadays, the main primary energy source for electricity generation remains fos-
sil fuels (oil, coal, natural gas), which are a non-renewable resource presenting a neg-
ative environmental impact due to emissions of greenhouse gases and other polluting
by-products [1–3]. This traditional energy source does not warrant a long-term supply of
the growing demand for energy created by population and industry growth [4–6]. This
trend and the anthropogenic effect of human activities on the atmosphere, aquatic quality,
and biodiversity are challenges for the near future [7,8]. This situation has generated great
global interest in the search for new energy sources, preferably renewable ones. The Renew-
able Energy Police Network for the 21st Century (REN21) reported that 79.9% of the world’s
total energy consumption was supplied by fossil fuels, 2.2% by nuclear energy, 6.9% by
traditional biomass, and 11% by modern renewables (e.g., biomass/solar/geothermal
heat (4.3%), hydropower (3.6%), wind/solar/biomass/ocean/geothermal power (2.1%),
and biofuels for transport (1.0%). Among modern renewables, the global solar installed
photovoltaic (PV) capacity grew more than 200 gigawatts (GW) in 2019 [9]. In the last
6 years, the increasing adoption rate of photovoltaic systems has also led to a price drop
in excess of 80% [10]. Currently, crystalline silicon PV cells represent more than 85% of
world PV cell market; however, the thin-film chalcogenide PV technology has shown a
rapid growth compared to that of silicon due in part to its low cost of production [11].
The Cu(In,Ga)(Se,S)2 (CIGS) is one of the most researched materials as absorbent layers
within thin-film PV technologies. In general, most of the CIGS-based solar cells include
a very thin CdS (<100 nm) as a buffer layer to reduce crystalline mismatch between the
chalcopyrite absorber layer and the transparent ZnO front electrode [12,13]. In the last two
decades, serious efforts have been made to replace the CdS buffer layer by other nontoxic
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material [14–16]. Actually, in their last report, Green et al. reported an efficiency value of
23.3% for CIGS cells free of Cd [17]. Different compounds have been reported as alterna-
tives to fabricate Cd-free buffer layers (e.g., ZnS [18], Zn(O,S) [15], ZnSe [19], In2S3 [20],
CdS [21]). Among the semiconductor options, Zn(O,OH)S coatings are widely used as thin
films in the fabrication of luminescent materials, light-emitting diodes, electroluminescent
devices, optical covers, reflectors, and dielectric filters [22–27]. Since Zn(O;OH)S films have
n-type conductivity and a large direct Eg bandgap (3.6–3.9 eV), they are suitable for use as
buffer layers for thin-film solar cells [28].

Various deposition methods have been reported for the fabrication of semiconductor
thin films: (i) thermal evaporation [29,30], (ii) sputtering [31], (iii) atomic layer deposi-
tion [32], (iv) electrochemical [33], (v) chemical vapor deposition [34], and (vi) chemical
bath deposition (CBD) [35–37]. Among the physical and chemical methods of thin film de-
position, the CBD process is the most economic and technically suitable one (e.g., regarding
lab equipment and temperature and pressure requirements) [38]. In the typical procedure,
with a temperature below that of the boiling point of water and under atmospheric pres-
sure, a source of metal and chalcogenide are mixed in a vessel. First, temperature and
pH are adjusted. Then, the solid substrate is immersed inside the reaction vessel, and the
thin deposition starts. CBD is a convenient method for buffer layer deposition. However,
thin film semiconductors grown using the CBD process produce large amounts of waste
solvent and chemicals that then require costly waste processing [39]. The possibility of
increasing optical transmission and deleting a toxic element (Cd) has directed the research
in the field to study different synthesis parameters to optimize the CBD process (e.g., the
effect of temperature, chalcogenide and metal source, complexing agents, pH, stirring).
The main reports studied the physical–chemistry properties in thin films with only one
coating (one layer) [40]. In this paper, we studied the effect of the number of buffer layers
on the optical and structural properties of Zn(O;OH)S coatings deposited by CBD.

2. Materials and Methods

2.1. Thin Film Deposition by the CBD Process

Although the CBD process has been used in thin-film semiconductor synthesis for
several decades, most reports do not explain the mechanism of film formation. Thus,
different explanations have emerged, and two models are discussed in the literature to
explain this process: (i) the ion–ion mechanism, which is a process that occurs by the direct
reaction of the ions present in the solution on the surface of the substrate; and (ii) growth
via cluster–cluster collisions. Figure 1a shows the ion–ion mechanism. In the first stage,
the diffusion processes of metal ions (e.g., Zn2+ or In3+) and S2− ions occur on the surface
of the substrate (Figure 1(a1)). In the second stage, the first semiconductor nuclei are
generated on the surface of the substrate (Figure 1(a2)). In the third stage, the nuclei grow
by adsorbing more ions, while new semiconductor nuclei are generated (Figure 1(a3)).
Finally, the crystals grow and adhere to each other to generate the film (Figure 1(a4)) [41,42].

Figure 1b shows the cluster–cluster mechanism. In the first stage, colloidal size parti-
cles are generated in metal sulfide solution (e.g., ZnS or In2S3) or a possible intermediate
(Zn(OH)2 or In(OH)3); then, these particles diffuse onto the substrate (Figure 1(bi)). In the
second stage, the first nuclei are generated on the surface of the substrate (Figure 1(bii)).
In the third stage, the nuclei grow by absorbing more Zn2+ and S2− ions, and the reaction
continues until the possible intermediates transform into the respective sulfide through
interchange reactions (Figure 1(biii)). Particle growth occurs both inside the solution and
on the substrate surface. Finally, the particles adhere to each other on the surface of the
substrate and form the film [41,42]. In the CBD process, both mechanisms may be present,
generating the film and allowing the addition of colloidal aggregates for the subsequent
growth of the film. The control of one of the two mechanisms is established by the extent
of homogeneous and heterogeneous nucleation.
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Figure 1. (a) Schematic diagram of the ion–ion mechanism: (1) Ion diffusion (M+ represents Zn2+

or In3+) from bulk solution to substrate surface. (2) Heterogeneous nucleation on the substrate
surface and crystal growth on substrate surface. (3) Coalescence and growth of films. (b) Cluster–
cluster mechanism: (i) metal sulfide and metal hydroxide particle formation into bulk solution,
followed by solid particle diffusion to substrate surface. (ii) Diffusion of sulfide ions and reaction
with solid particles located on the substrate surface and crystal growth by interchange reactions
(metal hydroxide) and by sulfide addition (metal sulfide). (iii) Particle growth occurs both inside the
solution and on the substrate surface. Bars represent solid substrates.

In the Zn(O;OH)S thin film deposition process, we used Thiourea as the S2+-ions
source (150 mM), Zn acetate as the Zn2+-ions source (15 mM), and ammonia (350 mM) and
sodium citrate (30 mM) as a complex agent with a temperature at 80 ◦C and pH at 10.5.
In the CBD, soda-lime glass was used as substrate (SLG; 2 cm × 1.5 cm). After 45 min,
the CBD was stoped, and the substrate was withdrawn and washed with distilled water.
The thin layer was dried at ambient temperature. This first layer was immersed in a new
chemical bath system, and the deposition process was repeated using this first layer as
substrate to the second layer. This process was repeated to obtain different numbers of
layers. Finally, the Zn(O;OH)S thin films were annealed in air at 400 ◦C for 30 min.

2.2. Thin Film Characterization

The thickness of the films was measured using a Veeco Dektak 150 profilometer (Plain-
view, NY, USA). The optical properties of the thin films were studied through transmittance
measurements between 300 and 800 nm (Perkin Elmer Lambda 2S spectrophotometer,
Waltham, MA, USA). The structural assay was carried out using a Shimadzu 6000 diffrac-
tometer (Tokyo, Japan) with a source of CuKα radiation (λ = 0.15418 nm) within the 2θ
range of 20◦–60◦. Finally, the chemical surface assay was carried out using a Perkin-Elmer
ESCA/SAM model 560 (Waltham, MA, USA).

3. Results and Discussion

3.1. Thin Film Depostion

Figure 2 shows the Zn(O;OH)S thin-film thickness as a function of the deposition time.
In the typical growth trend during CBD, two regions are distinguished: (a) linear growth, a
stage in which the film thickness increases linearly with time, and (b) the saturation zone, a
stage in which the growth rate decreases significantly as a consequence of consumption of
the reagents inside the solution [43,44]. In our case, the data on thin film thickness within
a 60 min time were suitable with linear fitting (R2 = 0.993); after this time, it is typical, in
the CBD process, that linear kinetics change to due to the consumption of the reagents
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inside the solution. We performed the deposition of each layer within a 45-min deposition
time (linear growth, Figure 2). Table 1 lists Zn(O;OH)S thin film thickness as a function of
the number of layers. The results show a typical trend: as the number of layers increases,
so does the thickness of the films. After the second layer, the coating thickness exceeds
100 nm. The typical thickness used to reduce the mechanical stress between the absorbent
layer and the transparent conductor oxide (TCO) in thin-film solar cells is smaller than
100 nm. For three and four layers, the thickness values are 350 and 480 nm, respectively.
The next sections will present the effect of the number of layers on the optical and structural
thin films.

 
Figure 2. Zn(O;OH)S thin-film thickness as a function of CBD deposition time. White squares
represent data and the red line represents the linear fitting. Fitting data: R2 = 0.993. Fitting equation:
y = 3.38(x) − 18.5.

Table 1. Optical and structural properties of the thin films, varying the number of layers deposited
by CBD.

Number Layers Thickness (nm)
Energy Band

Gap (eV) 1 Crystal Properties

1 90 3.81 Amorphous
2 190 3.77 Amorphous
3 350 3.70 Cubic/hexagonal phases
4 480 3.65 Cubic/hexagonal phases

1 Value as a result of extrapolating the linear portion of the graph onto the x-axis in Figure 5b.

Although CBD is widely studied as a film deposition method, most reports are limited
to exposing the different deposition parameters of the coatings; few reports show analytical
studies about the chemical systems used during the deposition of the coatings. In a recent
study, Gonzales et al. [45] reported the species distribution diagrams for CDB-ZnS film
deposition. Due to chemical conditions (e.g., reagent concentration, pH, temperature), they
did not report the formation of a ternary complex. It is known that the use of complexing
agents reduces the homogeneous precipitation to obtain uniform and adherent coatings.
The typical complexing agents in CBD include ammonia, hydrazine, ethanolamine, tri-
ethanolamine, tartaric acid, sodium citrate, and EDTA [46–49]. In the present study, we
used sodium citrate to replace hydrazine in the CBD process. After CBD begins, the sulfide
ion is generated as a free species in the solution due to hydrolysis of thiourea in a basic
medium [50]:

SC(NH2)2 + OH− → NCNH2 + SH−
(aq) + H2O. (1)
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Once the dissociated species of hydrogen sulfide (HS-) is formed in the medium, the
S2−−ion is formed as follows [50]:

SH− + OH− � S2−
(aq) + H2O. (2)

In the CBD solution, two solids can precipitate [50]:

Zn2+
(aq) + S2−

(aq) � ZnS(s) Ksp = 10−24.7 (3)

Zn2+
(aq) + 2OH−

(aq) � Zn(OH)2(s) Ksp = 10−16 (4)

where Ksp is the solubility product constant (the equilibrium constant for the chemical
equilibrium of solid dissolving in aqueous solution) [51]. The presence of a complexing
agent is necessary to prevent the excessive formation of ZnS/Zn(OH)2. The complex
formation reactions are as follows [52,53]:

Zn2+ +3Cit � [Zn(Cit)3]7− β = 105.5 (5)

Zn2+ + 4NH3 � [Zn(NH3)4]2+ β = 109.46 (6)

Zn2+ + 4OH− � [Zn(OH)4]2− β = 1015 (7)

[Zn(NH3)4]2+ + Cit � [Zn(NH3)3Cit]− + NH3 β = 1015 (8)

[Zn(NH3)3Cit]− + Cit � [Zn(NH3)2(Cit)2]4− + NH3 β = 1010 (9)

[Zn(NH3)2(Cit)2]4− + Cit � [Zn(NH3)(Cit)3]7− + NH3 β = 107.46 (10)

where Cit represents citrate anion ([C6H5O7]3−), β is the stability constant (the equilibrium
constant for the formation of the complex between metallic-ion and complexing agent) [51].
Based on the chemical equilibrium Equations (1)–(10) and single complexing equilibrium,
we simulated the species distribution diagram for Zn(O;OH)S synthesized by the CBD. We
calculated the fraction molar (xi) for each species at equilibrium, with the xi value being
determined by physical–chemical conditions of the mixture (e.g., pH, reagent concentration,
temperature). The theory and details of the methodology used to simulate the distribution
diagram can be found in previous reports [54,55]. In the equation, xi represents the molar
fraction of each species under specific chemical conditions, for which case we studied the
pH effect on the xi value [45]:

xi =
[si]

∑i[si]
(11)

where Si is the concentration of the species i at a specific pH. Regarding the stability
constants of ternary compounds (4–6), Figure 3a shows the distribution diagram of the
species involved in the thin films deposited by CBD in the pH range 2–14. Figure 3a shows
that the hydroxyl complexes are important from pH values higher than 12. Furthermore, the
complexing agent used (sodium citrate) participates in the generation of ternary complexes.
Figure 3b shows that when under the pH conditions used during CBD (pH = 10–11), the
ternary complexes (ammonium-Zn-citrate) are present (near 70% of the species in the CBD
solution). Conventionally, CBD processes use hydrazine as a reducing and/or complexing
agent due to its chemical and physical properties [56]. However, this compound poses
serious risks for the environment and health. The challenge is to combine inexpensive
and green chemical routes for semiconductor fabrication and to direct synthetic routes to
develop hydrazine-free chemical bath depositions [57]. The results show that the chemical
reagents used in CBD are suitable for Zn(O;OH)S thin-films synthesis; furthermore, the
simulation indicates that the citrate complex acts as a complexing agent during CBD.
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Figure 3. Species distribution diagram for Zn(O;OH)S synthesized by the CBD method under
experimental conditions. (a) pH range 2–14. (b) zoom range pH 10–12. Inside figure, Cit represents
citrate anion ([C6H5O7]3−). (xi) represents fraction molar for each species at equilibrium.

3.2. Structural Characterization

The effect of the number of thin film layers on structural properties was studied by
X-ray diffraction. After the annealing procedure, the coatings with one and two layers
did not show signals in the diffraction pattern (patterns are not shown), suggesting that
these coatings could be formed by small-sized grains (on a nanoscopic scale); besides,
the coatings with three and four layers were polycrystalline. Figure 4 shows the X-ray
diffraction patterns for Zn(O;OH)S thin films (three and four layers).

Figure 4. X-ray diffraction patterns of Zn(O;OH)S-thin film thickness as a function of the number of
the layers. (a) Zn(O;OH)S coatings three layers. (b) Zn(O;OH)S coatings four layers. Inside figure:
(*) The signal could be assigned to Wurtzite and/or Zincblende structure. (l) The signal could be
assigned to Zn(OH)2 structure.

Due to the chemical conditions of CBD, (i) the signals located at 2θ = 28.8◦, 31.6◦, 47.2◦,
and 58.2◦ were assigned to reflections of two different crystalline phases: (i) (002), (011),
(110), and (0.21) planes of the hexagonal structure (Wurtzite; JCPDS 79-2204), and (ii) the
signals located at 2θ = 28.8◦ and 47.2◦ were assigned to reflections of (111), (022) planes
of the cubic structure (Zincblende; JCPDS 77-2100)) [58]. Furthermore, the signals located
at 2θ = 34.4◦ and 58.22◦ were assigned to reflection β-Zn(OH)2 (JCPDS 77-2100) [59], and
the presence of this signal suggests the formation of Zn(OH)2 or ZnO inside the buffer
layer. The possible mechanism of generation and growth of the film occurs according to
the formation of Zn(OH)2 (Equation (4)). This process is not eliminated from the reaction
medium despite the fact that a low concentration of the metal ion and the addition of the
complexing agent were used during CBD [50]. The competition between the formation
of ZnS and Zn(OH)2 during the Zn-buffer layer deposition by CBD has been previously
reported [45,60]. In a previous work [61], we identified that the Zn2+, sulfur, and oxygen
were present inside the Zn(O;OH)S-thin films deposited by CBD, suggesting that ZnS and
ZnO could be generated during the CBD process. Sáez-Araoz et al. [62] reported that in
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the early Zn-buffer layer deposition by CBD, a very thin film of ZnS is generated, which is
followed by a mixture of ZnS and ZnO. Finally, other authors report the generation of a
mixture of chemical phases during Zn-based buffer layers synthesized by CBD [63–65].

3.3. Optical Characterization

Figure 5a shows the transmittance curves of the Zn(O;OH)S films deposited on SLG
by the CBD process. The number of layers significantly affected the spectral transmittance.
In general, for one (90 nm) and two (190 nm) layers, transmittances are greater than 80% in
the visible region of the electromagnetic spectrum (zone of low absorbance λ > 310 nm).
Such a high transmittance value indicates that these coatings are optically suitable for use
as a buffer layer. Furthermore, Figure 5a shows a deterioration in the optical transmittance
for three and four layers, reducing until 60–70% (three layers) and 50–60% (four layers).
High optical transmittance in the visible range of the electromagnetic spectrum is a critical
requirement for buffer layers inside solar cells. The band-gap energy value was determined
for all samples using the Tauc model. For films with reduced thickness and that do not
present sufficient interference patterns, the absorption coefficient of each layer can be
determined using the following equation [66,67]:

α(hυ) =
1
d

Ln
1

T(hυ)
(12)

where α is the absorption coefficient, d corresponds to the thickness of the buffer layer and,
T corresponds to the spectral transmittance as a function of the wavelength. The absorption
coefficient is related to the band gap according to the following equation [68]:

α(hυ) = A(hυ − Eg)
2 (13)

where Eg corresponds to the band gap of the material, and A is a constant. The value
of Eg can be obtained by extrapolating the linear part of the graph of (αhν)2 vs. (hν) to
zero. This method was used to determine the Eg of the buffer layers. Figure 5b shows
plots α2 versus (hv) for the transmittance spectra of Figure 5b. The optical band gap
of the films was determined by extrapolating the linear portion of the graph onto the
x-axis [68]. Table 1 lists the optical properties of the thin films. During the chemical bath
deposition of semiconductors, it is common to produce a mixture of different chemical
compounds [41,42]. In the case of Zn-buffer layers, depending on experimental parameters,
the mixture of compounds (e.g., sulfide, hydroxide, and oxide) could be generated [69,70].
Furthermore, the semiconductor thin films band gap is affecting by thickness, crystalline
structure, and physical–chemical composition [71,72]. The ZnO has a wide and direct
band gap (≈3.37 eV) [73]. In the case of ZnS thin films, this is a semiconductor with a
wide optical band gap (≈3.6 eV) [74,75]. However, the thin films band gap is affected by
the deposition method and the post-treatment process. Mursal et al. [76], reported the
optical band gap of ZnO thin films varying between 3.82 and 3.69 eV deposited by the
sol–gel spin-coating method after changed the sintering temperature. The difference in
the experimental and theorical band gap is attributed to the intrinsic defects in ZnO (e.g.,
O vacancy (VO), Zn vacancy (VZn), Zn interstitial (Zni), O interstitial (Oi) and anti-site
Zn (ZnO)) [77–79]. Table 1 shows that the coating’s band gap changes between 3.65 and
3.81 eV. The band-gap energy of the Zn(O;OH)S coating synthesized by CBD has values
between the band gap of ZnS and ZnO. This result could be related to the possibility of the
generation of a mixture of chemical phases during buffer layers deposition (Section 3.2).
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Figure 5. (a) Zn(O;OH)S thin-film transmittance as a function of the number of layers deposited by
CBD. (b) Tauc plots and band-gap energy estimation for the Zn(O;OH)S thin films as a function of
the number of layers deposited by CBD.

Furthermore, Table 1 shows that reducing the layer thickness affects the bulk proper-
ties and changes the optical properties, and that the thinner layers have a higher band-gap
energy value, which is consistent with other reports. Das et al. reported band-gap variation
with thickness for CdS thin films deposited by CBD and found that the band gap decreased
from 3.2 eV (CdS thin films of 153 nm in thickness) until 2.54 eV (CdS thin films of 205 nm
in thickness) [80]. Hossain et al. studied the In2S3 buffer layer band-gap variation from
2.0 to 2.9 eV to observe the effects thereof on electrical performance, and they reported
that the band gap increased up to 2.9 eV with a layer of 50 nm in thickness, and this value
decreased to 2.0 eV with a layer of 1 μm in thickness [81]. Such results verified that the
number of layers in the coatings determines the physical–chemical properties of buffer
layers (e.g., band gap, crystalline structure). Although all the coatings had energy values
higher than 3.65 eV (requirement for the buffer layer in solar cells), only the coatings with
one and two layers were suitable for use as buffer layers.

4. Conclusions

In this paper, we studied the structural and optical properties of Zn(O;OH)S coatings
grown by CBD with different numbers of layers. We presented the simulation of the
species distribution diagram for the Zn(O;OH)S synthesized by CBD. The thickness of the
buffer layer films varied from 90 to 480 nm. The Zn(O;OH)S thin films with three and four
layers represented a mixture of the cubic and hexagonal phases. Furthermore, the species
diagram simulation indicates that the citrate complex could play an important role as a
complexing agent during CBD. Finally, optical properties indicate that only the coatings
with one and two layers were suitable for use as buffer layers, since these coatings had
higher transmittance values. Furthermore, although all coatings had energy values higher
than 3.65 eV, the coatings with three and four layers showed reduced transmittance in the
visible region (50–70%).
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Abstract: PtRu nanoparticles decorated on carbon-based supports are of great interest for direct
methanol fuel cells (DMFCs). In this study, PtRu alloy nanoparticles decorated on carbon Vulcan
XC-72 (C), multi-walled carbon nanotubes (MWCNTs), and C-MWCNTs composite supports were
synthesized by co-reduction method. As a result, PtRu nanoparticles obtained a small mean size
(dmean = 1.8–3.8 nm) with a size distribution of 1–7 nm. We found that PtRu/C60MWCNTs40 possesses
not only high methanol oxidation activity, but also excellent carbonaceous species tolerance ability,
suggesting that C-MWCNTs composite support is better than either C or MWCNTs support. Fur-
thermore, detailed investigation on PtRu/C100−xMWCNTsx (x = 10–50 wt.%) shows that the current
density (Jf), catalyst tolerance ratio (Jf/Jr), and electron transfer resistance (Ret) are strongly affected
by C-MWCNTs composition. The highest Jf is obtained for PtRu/C70MWCNTs30, which is considered
as an optimal electrocatalyst. Meanwhile, both PtRu/C70MWCNTs30 and PtRu/C60MWCNTs40

exhibit a low Ret of 5.31–6.37 Ω·cm2. It is found that C-MWCNTs composite support is better than
either C or MWCNTs support in terms of simultaneously achieving the enhanced methanol oxidation
activity and good carbonaceous species tolerance.

Keywords: composite support; electrocatalysts; methanol oxidation; multi-walled carbon nanotubes;
PtRu nanoparticles

1. Introduction

Currently, green energy research is more urgent than ever due to environmental
pollution and the gradual depletion of fossil energy. As a green and clean electric power
source, fuel cells are able to directly transform chemical energy into electrical energy, and
used as power generation in portable, stationary, and transportation applications [1–3].
Among various types of fuel cells, direct methanol fuel cells (DMFCs) have been considered
as a promising energy source owing to their low operation temperature (below 100 ◦C),
operation safety, superior specific energy, and durability [3,4]. The commercialization of
DMFCs requires further reducing the cost and increasing the performance of the electrode
catalyst. However, precious and expensive metal catalyst (i.e., Pt or Pt alloy) has been
generally used as the catalyst for methanol oxidation reaction (MOR) in DMFCs [5–10].
Moreover, carbon monoxide (CO) gas released in MOR poisons Pt catalyst and limits the
performance of DMFCs. In order to solve these problems, various Pt-based alloys have
been developed to reduce Pt usage and enhance the catalyst activity, including PtRu [11,12],
PtCo [13], PtMo [14], PtRuNi [15], PtRuMo [16], etc. Among the catalyst systems, PtRu
is well known, owing to its superior performance in preventing the poisoning of the Pt
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surface by CO gas. It is because Ru forms an oxygenated species at lower potentials than
that of Pt, and thus Ru promotes the oxidation of CO gas produced during MOR [17].

Membrane electrode assembly (MEA), which is the main component of DMFCs, has
a significant effect on fuel cell performance. An effective anode catalyst is one of the
prerequisites for an ideal MEA [18]. In DMFCs, supporting materials (or substrates) for
catalysts play a certain important role that can significantly affect the catalyst activity.
Carbon black (CB) is commonly used for supporting catalyst nanoparticles in DMFCs
because of its large specific surface area and high electrical conductivity [19], but it poses
several drawbacks—poor corrosion resistance and limitation of mass transfer due to its
dense structure [20]. Carbon nanotubes (CNTs) with high chemical stability and high
electrical and thermal conductivities are considered as an excellent support material [21].
Indeed, the catalysts/CNTs possess 1.3–1.6 times greater methanol oxidation activity than
that of catalysts/Vulcan carbon [22–24]. However, the electrical and thermal conductivities
at CNT–CNT inter-tube junctions are at least an order of magnitude lower than those of
individual CNTs [25,26]. In recent years, the development of carbon-based nanomaterial
supports with different structures–morphologies to enhance DMFCs performance has
attracted much attention. Graphene, carbon xerogels, carbon nanofiber, mesoporous
carbon, and functionalized or doped carbon supports exhibited the enhancements in
methanol oxidation efficiency as compared to the traditional carbon supports [22–24,27–33].
Interestingly, PtRu nanoclusters decorated on three-dimensional porous composite support
of graphene sheets (GS) and CNTs presented ~3.2 times higher current intensity than
the catalysts on carbon substrate, which was attributed to the decreased aggregation of
metallic nanoparticles in the PtRu/GS-CNT [24]. In addition, Yang et al. reported that Pt
nanoparticles decorated on a composite support of 10 wt.% MWCNTs and CB resulted
in an enhanced power density of 1.5 and 2 times greater than those of the Pt catalyst
on MWCNTs- and CB-supports, respectively [34]. Moreover, MWCNTs support showed
better durability than CB support [34]. These results suggest that, besides developing
catalyst materials, studies on composite carbon-based supporting nanomaterials are a new
promising approach toward further enhancement of DMFCs performance.

In this study, PtRu alloy nanoparticles synthesized by a co-reduction method were decorated
on C100−xMWCNTsx composites with various mixing weight percentages (i.e., x = 0–100 wt.%).
The structure and morphology of the PtRu/C100−xMWCNTsx (x = 0–100 wt.%) samples
were studied by X-ray diffraction (XRD) and transmission electron microscope (TEM)
analyses. The effect of MWCNTs content on the electrocatalytic activity of the nanomaterials
was investigated by cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) analyses. This study provides the optimal composition of C-MWCNTs support for
the enhanced catalytic activity of PtRu/C-MWCNTs, and gains insight into the support
role to the overall performance of an electrocatalyst.

2. Materials and Methods

PtRu/C100−xMWCNTsx (x = 0, 10, 20, 30, 40, 50, and 100 wt.%) were synthesized using
the following procedure. First, solutions containing C100−xMWCNTsx (x = 0, 10, 20, 30,
40, 50, and 100 wt.%) were prepared by mixing accurate amounts of the commercial C
(carbon Vulcan XC-72, Fuelcellstore, College Station, TX, USA) and MWCNTs (>95%, OD:
10–20 nm, US Research Nanomaterials, Inc., Houston, TX, USA) with 10 mL deionized
(DI) water in an ultrasonic bath for 15 min. Noticeably, since the pristine MWCNTs lacks
bonding sites, namely –COOH, =O, and –OH groups, the deposition of metal nanoparticles
on the surface of MWCNTs is difficult. Thus, it requires functionalizing MWCNTs to keep
metal nanoparticles on its surface by several developed methods [35–37]. The common
method is the treatment of MWCNTs with HNO3 and H2SO4 acids under suitable time and
temperature to activate MWCNTs. To our knowledge, MWCNTs are activated effectively
under refluxing condition in 65% HNO3 and 98% H2SO4 acids (1:1) at 50 ◦C for 5 h. Next,
30 mL ethylene glycol and 15 mL sulfuric acid (H2SO4 98%) solutions were added to
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the C100−xMWCNTsx solutions, and the mixture solutions were then stirred at 170 ◦C for
30 min.

The PtRu precursor solutions were prepared by mixing 3.5 mL H2PtCl6·6H2O 0.02 M
and 3.5 mL RuCl3·xH2O 0.02 M (corresponding to 13 mg Pt and 7 mg Ru, the atomic
ratio of Pt:Ru = 1:1) in an ultrasonic bath for 15 min. Next, the mixture of PtRu precursor
solution was slowly dropped into the C100−xMWCNTsx solutions, following by a sprinkle
of 0.2 M NaBH4 solution. The pH solution was adjusted to 10 by using 10 M NaOH. The
mixture was stirred at room temperature for 8 h. Finally, the PtRu/C100−xMWCNTsx (x = 0,
10, 20, 30, 40, 50, and 100 wt.%) products were collected by filtration, washed thoroughly
with DI water, and dried overnight at 90 ◦C. The H2PtCl6·6H2O, RuCl3·xH2O, H2SO4 98%,
HNO3 65%, NaBH4, CH3OH, and NaOH were purchased from Merck KGaA of Darmstadt,
Germany. The mass of each support type, Pt and Ru metals, and their proportions in each
sample are listed in Table 1.

Table 1. Detailed preparation conditions of the catalytic samples investigated.

Sample

C-MWCNTs Support Pt and Ru Metal

Carbon Vucal
XC-72 Mass

(mg)

MWCNTs
Mass
(mg)

Mass Ratio of C
and C-MWCNTs

(wt.%)

Mass Ratio of
MWCNTs and
C-MWCNTs

(wt.%)

Mass Ratio of
C-MWCNTs
and Sample

(wt.%)

Pt
Mass
(mg)

Ru
Mass
(mg)

Mass Ratio of
Pt + Ru and

Sample
(wt.%)

PtRu/C 80 0 100 0 80 13 7 20
PtRu/MWCNTs 0 80 0 100 80 13 7 20

PtRu/C90MWCNTs10 72 8 90 10 80 13 7 20
PtRu/C80MWCNTs20 64 16 80 20 80 13 7 20
PtRu/C70MWCNTs30 56 24 70 30 80 13 7 20
PtRu/C60MWCNTs40 48 32 60 40 80 13 7 20
PtRu/C50MWCNTs50 40 40 50 50 80 13 7 20

The crystalline orientations of the nanomaterials were studied via XRD analysis using
Bruker D8 and Cu Kα (1.5406 Å) radiation. Structural characterization at atomic scale was
performed by using a TEM (JEOL JEM1010, Hanoi, Vietnam). A three-electrode test cell
configuration using an Ag/AgCl reference electrode was used for electrochemical analyses.
The electrolyte was a mixture solution of 0.5 M H2SO4 98% and 1.0 M CH3OH. The working
electrode was made using 4 mg of catalytic powder (Pt and Ru masses were 0.52 mg and
0.28 mg, respectively) mixed with 1 mL of 2-propanol (Merck, Darmstadt, Germany) in
an ultrasonic bath. Afterward, the catalytic powder was swept onto 1 cm2 carbon paper
using Nafion 117 binder solution (Aldrich, Darmstadt, Germany). The carbon paper was
then scanned into catalytic powder, which was assembled in a sealed plastic frame with a
blank area of 1 cm2. This active area was completely immersed in the electrolyte during
CV measurements. CV curves were recorded using an Autolab 302N system (Ho Chi Minh
City, Vietnam) within a potential range of −0.2–1.2 V vs. Ag/AgCl (3M KCl) at a scan
rate of 50 mV·s−1. Electrochemical impedance spectroscopy (EIS) measurements were
performed using the same system with a potential amplitude of ±10 mV in a frequency
range of 0.1–100 kHz.

3. Results and Discussion

3.1. Effect of Catalyst Supports on Structure–Composition and Methanol Oxidation Performance of
PtRu/C100−xMWCNTsx (x = 0, 40, 100%)

Figure 1 shows the XRD patterns of PtRu/C, PtRu/MWCNTs, and PtRu/C60MWCNTs40.
Clearly, the XRD patterns of all three types of nanomaterials are similar, whose peaks can
be indexed to the (111), (200), (220), and (311) planes of a face-centered cubic (f.c.c) lattice
structure of platinum. In addition, the patterns of the hexagonal closest packed (h.c.p)
structure of ruthenium should be included inside these diffraction peaks, namely Ru (002)
at 42.2◦, Ru (101) at 44.1◦, Ru (110) at 69.5◦, and Ru (112) at 84.8◦. In addition, a broad
diffraction peak at approximately 26◦ is attributed to hexagonal graphite structure [C (002)],
suggesting that these supports could have good electrical conductivity [38]. The present
XRD results confirm for the PtRu alloy on C-based supports, and they are similar to those
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results reported in [39–41]. It was found in a PtRu alloy that if Ru content in PtRu alloy
is lower than 60 wt.%, the alloys will stay in the f.c.c structure of platinum; inversely, if
Ru content in PtRu alloy is higher than 60 wt.%, the PtRu alloy will exhibit h.c.p structure
of ruthenium [40,41]. Since the XRD patterns matched better with the f.c.c structure of
platinum, the Ru content in the PtRu alloys in this study should be lower than 60 wt.%.
Furthermore, no XRD peak shift was observed, thus the composition of PtRu should be
stable among the prepared samples.

 

Figure 1. XRD patterns of PtRu/C, PtRu/MWCNTs, and PtRu/C60MWCNTs40.

Figure 2 shows the typical TEM images and the particle size distribution histograms
of PtRu/C, PtRu/MWCNTs, and PtRu/C60MWCNTs40. Obviously, PtRu nanoparticles
were well distributed and decorated on the C100−xMWCNTsx (x = 0, 40, 100%) supports.
All the samples had narrow size distributions and small mean values (dmean) of 2.4 ± 0.2,
3.8 ± 0.1, and 2.2 ± 0.1 nm for PtRu/C, PtRu/MWCNTs, and PtRu/C60MWCNTs40,
respectively (Figure 2). It is known that particle size of catalysts can affect the methanol
oxidation activity of PtRu alloy catalysts. It is plausible that when the present PtRu
sizes with dmean between 2.2 ± 0.1 and 3.8 ± 0.1 nm are close to the reported optimal
PtRu size of ~3 nm, high methanol oxidation activity is achieved [42]. Importantly, the
uniformities in size and distribution of PtRu nanoparticles among the samples investigated
were sufficient to allow for studying the compositional effects of C100−xMWCNTsx supports
on the electrocatalytic activity of PtRu/C100−xMWCNTsx (x = 0–100 wt.%), as described in
a later section. Interestingly, by considering both dmean values and the upper tails of the
size distributions, the C60MWCNTs40 composite support with high porosity likely hinders
the growth of PtRu nanoparticles. This finding agreed well with that in [11], in which the
mesoporous carbon support was found to restrict the crystal growth of PtRu nanoparticles.

Cyclic voltammograms (CV) of PtRu/C, PtRu/MWCNTs, and PtRu/C60MWCNTs40
are shown in Figure 3a,b. These samples exhibited different current density (J); the peak cur-
rent density values of forward and reverse scans (Jf and Jr) and Jf/Jr ratio were determined
and are listed in Table 2. The Jf (Jr) values are 21.6 (6.0) mA/mgPtRu, 67.0 (36.0) mA/mgPtRu,
and 65.4 (19.4) mA/mgPtRu for PtRu/C, PtRu/MWCNTs, and PtRu/C60MWCNTs40, re-
spectively. Obviously, PtRu/C had lowest Jf value, while PtRu/MWCNTs and PtRu/C-
MWCNTs achieved Jf values more than three times higher. In contrast, the PtRu/C obtained
the highest Jf/Jr ratio of 3.6, and PtRu/C60MWCNTs40 also reached a high Jf/Jr value of
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3.4, whereas PtRu/MWCNTs exhibited a low Jf/Jr ratio of 1.9. The Jf/Jr ratio is used
to describe the catalyst tolerance to carbonaceous species accumulation [43]. The larger
Jf/Jr value indicates a better CO resistant catalyst. In MOR, CO is a critical intermediate
that reduces both fuel cell potential and energy conversion efficiency. A forward scan is
attributable to methanol oxidation, forming Pt-adsorbed carbonaceous intermediates (e.g.,
carbon monoxide). The adsorbed carbon monoxide causes a suppression of the electrocat-
alyst activity. The reverse oxidation peak is attributed to the additional oxidation of the
adsorbed carbonaceous species to carbon dioxide (CO2) [44].

Figure 2. TEM images and particle size distributions of (a) PtRu/C, (b) PtRu/MWCNTs,
and (c) PtRu/C60MWCNTs40.

Table 2. Electrochemical parameters of PtRu/C, PtRu/MWCNTs, and PtRu/C60MWCNTs40.

Sample
Jf Jr Jf/Jr Ret

(mA·cm−2) (mA/mgPtRu) (mA·cm−2) (mA/mgPtRu) – (Ω·cm2)

PtRu/C 17.3 21.6 4.8 6.0 3.6 7.39
PtRu/MWCNTs 53.6 67.0 28.8 36.0 1.9 11.19

PtRu/C60MWCNTs40 52.3 65.4 15.5 19.4 3.4 6.37

Based on these results, the best carbonaceous species tolerance ability (Jf/Jr = 3.6)
was achieved in the PtRu/C. For the support effect, the Jf value of PtRu/MWCNTs is
higher than that of PtRu/C (Figure 3a and Table 2), which could be attributed to the higher
porosity and better catalyst dispersion–distribution of MWCNTs support than those of
C support [21]. However, the carbonaceous species tolerance ability of PtRu/MWCNTs
(Jf/Jr = 1.9) is very limited. Nevertheless, PtRu/C60MWCNTs40 can simultaneously achieve
a high Jf of 52.3 mA·cm−2 (or 65.4 mA/mgPtRu) and a high Jf/Jr ratio of 3.4. This means
that PtRu/C60MWCNTs40 possesses not only high MOR activity, but also excellent car-
bonaceous species tolerance ability, suggesting that the composite of C-MWCNTs support
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is better than either C or MWCNTs support. Thus, it is necessary to further optimize the
composite composition of C100−xMWCNTsx with x = 10–50 wt.% toward achieving the
highest methanol oxidation activity and excellent carbonaceous species tolerance ability, as
described in the next section.

Figure 3. (a,b) Cyclic voltammograms (CV) of PtRu/C, PtRu/MWCNTs, and PtRu/C60MWCNTs40 with current density
units of mA·cm−2 and mA/mgPtRu. (c) EIS Nyquist plots of the samples in a frequency range from 0.1 Hz to 100 kHz. The
electrolyte was a mixture solution of 0.5 M H2SO4 and 1.0 M CH3OH.

Figure 3c shows the Nyquist plot curves of PtRu/C, PtRu/MWCNTs, and PtRu/C60MW
CNTs40 at a potential of 0.8 V (vs. Ag/AgCl). Although the Nyquist curves of the samples
do not show full semicircles, it is still clear that the total complex impedance Z of the
samples has a decreasing order of PtRu/MWCNTs < PtRu/C < PtRu/C60MWCNTs40. For
quantitative analysis of the EIS data, we employed the Randles equivalent circuit model
to fit the plots with one semicircle [45], whose model was also used to fit the EIS data of
Fe2O3 films [46], Pt–MnO2 nanoparticles decorated on reduced graphene oxide sheets [47],
and carbon-supported Ru-Pt nanoparticles [48]. The circuit included the electron transfer
resistance (Ret), solution resistance (Rs), and double layer capacity (Cdl). The circular
fits with the Randles circuit yield Ret values of 7.39, 11.19, and 6.37 Ω.cm2 for PtRu/C,
PtRu/MWCNTs, and PtRu/C60MWCNTs40, respectively. The lowest Ret was obtained
for PtRu/C60MWCNTs40, indicating composite C-MWCNTs support offered excellent
electron transfer that was attributed to the highest current density at 0.8 V. The highest
electrocatalytic activity and the smallest Ret of PtRu/C60MWCNTs40 indicates that the
composite of C-MWCNTs is a superior support over either C or MWCNTs.

These results can be explained by considering the structure–morphology of the three
types of supports. Indeed, MWCNTs are chemically inert, so PtRu nanoparticles will be
unable to stick well on the tube walls if MWCNTs are not treated. In this study, after
being treated with 98% H2SO4 + 65% HNO3 at 50 ◦C for 5 h, functional groups =O, –OH,
–COOH are formed on the surfaces of MWCNTs, and consequently PtRu nanoparticles
resides on these functional groups (Figure 4). Although commercial carbon Vulcan XC-72
has high porosity, it clumps easily and reduces the surface area if this C support is used
in a large quantity. The blending of carbon Vulcan XC-72 with the activated MWCNTs
allows dispersed C sheets/ bulks into the gaps between MWCNTs (Figure 4). Therefore,
this composite support can exhibit high porosity and large surface area. Consequently, the
deposition of PtRu nanoparticles on C-MWCNTs will be easier and distributed more evenly,
which is attributed to the enhanced methanol oxidation catalytic efficiency (Figure 4).
Furthermore, C-MWCNTs support can combine the advantages but limit the disadvantages
of each component (i.e., C, MWCNTs).
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Figure 4. Schematic diagram of PtRu nanoparticles deposited on C-MWCNTs composite support,
where Vulcan XC-72 carbon dispersed into the gaps between activated MWCNTs.

3.2. Effect of MWCNTs Percentage (x = 10–50 wt.%) in PtRu/C100−xMWCNTsx Samples on the
Methanol Oxidation Activity

To determine the most suitable C-MWCNTs supports, a series of PtRu/C100−xMWCNTsx
(x = 10–50 wt.%) were prepared and characterized. The PtRu/C100−xMWCNTsx samples
had the same amount of PtRu nanoparticles with 20 wt.% and Pt/Ru atomic ratio of 1;
meanwhile, the C100−xMWCNTsx supports had various weight percentages of MWCNTs
(x) from 10 to 50%. Figure 5 shows TEM images and particle size distributions of the
PtRu/C100−xMWCNTsx samples. It can be seen clearly that Vulcan XC-72 carbon substrate
was dispersed into MWCNTs. In addition, PtRu nanoparticles were deposited and evenly
distributed on both carbon Vulcan XC-72 and MWCNTs for all the samples. Moreover,
particle size distribution of all the samples was in the range 1–6 nm with the peak of the
distribution at 2 nm. Intriguingly, when the MWCNTs content was small (x = 10 wt.%)
or large (x = 50 wt.%), the particle sizes were less uniform with wider size distribution as
compared to those of the other three samples (x = 20–40 wt.%).

Figure 6a,b present the CV curves of PtRu/C100−xMWCNTsx (x = 10–50 wt.%) in
the electrolyte solution. Clearly, the MWCNTs content strongly affected the current den-
sity of PtRu/C100−xMWCNTsx samples. The value of Jf, Jr, and Jf/Jr ratio are summa-
rized in Table 3. The Jf and Jr of PtRu/C100−xMWCNTsx increased when x increased
from 10% to 30%, and then decreased with further increasing the MWCNTs weight
percentage (x = 40–50 wt.%). The PtRu/C70MWCNTs30 obtained the highest Jf value,
115.8 mA/mgPtRu (92.6 mA·cm−2), or achieving the highest MOR activity. Meanwhile,
PtRu/C90MWCNTs10 obtained the highest Jf/Jr value of 4.4, and PtRu/C80MWCNTs20 ex-
hibited a high Jf/Jr of 4.0, whose values were higher than that of PtRu/C (Jf/Jr = 3.6,
Tables 2 and 3), indicating that C100−xMWCNTsx (x = 10–20 wt.%) achieved the en-
hanced carbonaceous species tolerance. Moreover, Figure 6c shows the Nyquist plot
of PtRu/C100−xMWCNTsx (x = 10–50 wt.%) at a potential of 0.8 V (vs. Ag/AgCl). The
semicircle of PtRu/C70MWCNTs30 and PtRu/C60MWCNTs40 are smaller as compared
with that of the other samples. By fitting the semicircles with the Randles equivalent circuit
model, PtRu/C70MWCNTs30 has the smallest Ret, 5.31 Ω·cm2 (Table 3). Owing to reaching
the highest electrocatalytic activity and the smallest Ret, PtRu/C70MWCNTs30 is proposed
as the best sample.

Table 4 summarizes the methanol oxidation activity results of PtRu nanoparticles deco-
rated on various carbon-related supports in the literature and in this study, in which current
density (Jf) and current density ratio (Jf/JfC) are used to evaluate the activity. Here, Jf/JfC
is the ratio between Jf of the present sample and JfC of the conventional carbon-supported
PtRu nanoparticle sample in each reference and in this study; thus Jf/JfC indicates the
current density enhancement of a particular sample relative to the conventional PtRu/C. By
observing Jf/JfC > 1 in Table 4, CNTs or MWCNTs, graphene-related, or composite support
generally exhibited the enhancements in methanol oxidation activity over the conventional
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carbon-supported sample. In other words, PtRu catalytic materials on the modified sup-
ports or composite supports present higher catalytic results than samples using traditional
carbon support (e.g., 82.7 mA·cm−2 for PtRu/N-CNTs vs. 27.5 mA·cm−2 for PtRu/CB [23];
and 136.7 mA·mg−1 for PtRu/CTNs-GS vs. 42.7 mA·mg−1 for PtRu/C [24]). In our study,
the current intensity of catalyst with PtRu nanoparticles deposited on C70MWCNTs30 com-
posite support is 5.35 times higher than that of Vulcan XC-72 carbon support. Therefore,
C70MWCNTs30 composite support is recommended to use in the electrodes of DMFC.

Figure 5. TEM images and particle size distributions of (a) PtRu/C90MWCNTs10, (b) PtRu/C80MW
CNTs20, (c) PtRu/C70MWCNTs30, (d) PtRu/C60MWCNTs40, and (e) PtRu/C50MWCNTs50.
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Table 3. Electrochemical parameters of PtRu/C90MWCNTs10, PtRu/C80MWCNTs20, PtRu/C70MWCNTs30, PtRu/C60MW
CNTs40, and PtRu/C50MWCNTs50.

Sample
Jf Jr Jf/Jr Ret

(mA/cm2) (mA/mgPtRu) (mA/cm2) (mA/mgPtRu) – (Ω·cm2)

PtRu/C90MWCNTs10 29.8 37.3 6.7 8.4 4.4 29.2
PtRu/C80MWCNTs20 52.8 66.0 13.5 16.9 4.0 6.16
PtRu/C70MWCNTs30 92.6 115.8 42.9 53.6 2.2 5.31
PtRu/C60MWCNTs40 52.3 65.4 15.5 19.4 3.4 6.37
PtRu/C50MWCNTs50 38.6 48.3 9.7 12.1 3.9 8.87

Figure 6. (a,b) Cyclic voltammograms of PtRu/C90MWCNTs10, PtRu/C80MWCNTs20, PtRu/C70MWCNTs30, PtRu/C60MW
CNTs40, and PtRu/C50MWCNTs50 with current density units of mA·cm−2 and mA/mgPtRu. (c) Nyquist plots of the EIS for
these samples in a frequency range from 0.1 Hz to 100 kHz. The electrolyte was a mixture solution of 0.5 M H2SO4 and
1.0 M CH3OH.
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4. Conclusions

PtRu alloy nanoparticles decorated on C, MWCNTs, and C-MWCNTs supports for
high-performance methanol oxidation were synthesized by co-reduction method. The
synthesized PtRu/C100−xMWCNTsx (x = 0–100 wt.%) exhibited the crystal structure closed
to the f.c.c lattice structure of platinum with (111), (200), (220), and (311) preferred orienta-
tions. In addition, PtRu nanoparticles obtained a narrow size distribution and a small mean
size (dmean = 1.8–3.8 nm). For the support effects, PtRu/C-MWCNTs offered higher Jf (or
higher electrocatalytic activity) and lower Ret than those of PtRu/C and PtRu/MWCNTs.
In addition, PtRu/C-MWCNTs has high Jf/Jr values, which means good carbonaceous
species tolerance ability. To optimize the C-MWCNTs composition, PtRu/C100−xMWCNTsx
(x = 10–50 wt.%) were synthesized and characterized. The highest Jf, 115.8 mA/mgPtRu,
was obtained for PtRu/C70MWCNTs30, which was considered an optimal nanomaterial
system. Meanwhile, both PtRu/C70MWCNTs30 and PtRu/C60MWCNTs40 exhibited low
resistances with Ret of 5.31–6.37 Ω·cm2. The results of this study demonstrate that C-
MWCNTs composite support is better than either C or MWCNTs support; significant
enhancements in methanol oxidation activity and carbonaceous species tolerance ability
can be achieved by controlling the MWCNTs content in C-MWCNTs support.
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Abstract: The salient point of this study is to fabricate carbon nanotube (CNT) buckypaper composite
films prepared through the methods of pumping filtration and spin coating. Firstly, carboxylated
CNTs were used to make the original buckypaper specimen and further modify the buckypaper
surface by incorporating different surface modifiers. Then, all of original (unmodified) and modified
buckypaper composite films had different concentrations of bovine serum albumin (BSA) added,
and differential pulse voltammetry (DPV) electrochemical measurement was used to measure the
characteristics of the various buckypaper composite films, after adding different concentrations
of BSA. The experimental results show that the contact angles for four modified specimens are
smaller than that of the original unmodified S–BP specimen (62◦). These results indicate that the
four modifiers used in this study can improve the hydrophilic properties of the original, unmodified
S–BP specimen, and benefit the subsequent bonding of a modified specimen with aqueous BSA. In
addition to the improvement of the hydrophilic properties of the modified specimen, which affects
the bonding with BSA, the bonding type produced by the modifier also plays an essential role in the
bonding between specimen and BSA. Therefore, the S–BP–EDC/NHS and S–BP–TA specimens have
better linear dependence between log (BSA concentration) and oxidation current data.

Keywords: buckypaper film; carbon nanotubes (CNTs); bovine serum albumin (BSA); modifiers;
electrochemical; hydrophilic

1. Introduction

For biosensors, the efficiency of electronic interactions between the reacting target
molecules and the substrate plays a key role in determining the accuracy and efficiency of
measurement results. CNTs have the promising advantages of large surface area, high mo-
bilities, and large electrical conductivities to electronic and electrochemical biosensors [1–3].
In addition, many biological molecules, such as proteins or DNA, can be conjugated with
CNTs easily. This phenomenon also provides an advantageous solution for the application
of CNTs in biosensors. In recent years, there has been a dramatic proliferation of research
concerned with the application of CNTs in the biosensors of glucose [4–7], cholesterol [8–12],
and DNA [13–18], that achieves excellent properties, including sensitivity, selectivity, and
reproducibility.

However, due to the strong inter–tube van der Waals attraction, the aggregation
of CNTs acts as an obstacle, in most applications, that deteriorates the mechanical and
electrical properties of CNTs. Moreover, the size of CNTs is too small, which makes them
difficult to control and disperse in processing, so their application is limited [19,20].
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The buckypapers fabricated with CNTs have a macroscopic paper–like structure, which
can be easily used and operated [21]. It is an important breakthrough to scale up CNTs to
the macroscopic scale by using buckypapers to overcome the difficulties in manipulating
CNTs [20–22]. In addition to their excellent CNT–like properties, buckypapers also cover
a large area and are easy to control, so the current research uses for buckypapers are
fairly extensive and are getting considerable attention. These include biosensors [23–25],
electrical and thermal conductivity [26,27], gas filters [28], field emissions [29,30], etc.
At present, the research on the application of buckypaper in biosensors has just begun,
and there is not much relevant literature. It has been found that buckypaper made up
of carboxyl–functionalized CNTs with incorporated gold nanoparticles could be highly
sensitive glucose [24,25] and hydrogen peroxide [31] detectors. Buckypapers fabricated
using functionalized CNTs are also used as working electrodes to detect dopamine [25].

According to early literature [32], the electrical conductivity of buckypapers made of
carboxylated (purified) CNTs was 2–4 times higher than that made of as–grown CNTs. By
means of carboxylation (functionalization), CNTs can not only be dispersed in solvents,
but can attach to molecules physically or chemically without significantly changing their
inherent unique properties [24].

This study provides a convenient, rapid, and accurate method to detect BSA, which is
expected to be applied to the detection of other biomolecules in the future. In this study,
buckypaper composite films were fabricated with carboxylated CNTs through pumping
filtration and spin coating. Different modifiers were added by spin coating to modify the
surfaces of buckypaper composite films. By combining the excellent conductive charac-
teristics of buckypapers with its modified surface, it can attract and immobilize the BSA.
This study will adopt the DPV electrochemical measurement to detect and quantitatively
measure various BSA concentrations.

2. Materials and Methods

2.1. Fabrication of Buckypaper Film

First, 80 mg carboxylated multi–wall CNTs (Golden Innovation Business Co., AC
tube-100LH, New Taipei City, Taiwan) with the addition of 1 wt.% EDC/NHS were added
in 100 mL of 95% alcohol by the process of grinding, stirring, and sonication, respectively,
to prepare the CNTs’ suspension solution. Then the suspension solution was poured into
the pumping filtration system (Figure 1a) containing Teflon filter paper (Rocker, 201PTFE–
47–022–50, Kaohsiung, Taiwan), and the suction filtration process was carried out for
about 20 min through the pressure difference formed by the vacuum pump. The obtained
buckypaper film, with diameter about 4 cm and thickness of 0.37 ± 0.03 mm (Figure 1b),
was dried at 100 ◦C for 60 min before being cut into square strips for various tests. In this
study, the original buckypaper film prepared from CNTs was designated “S–BP” specimen.

Figure 1. (a) Pumping filtration system; (b) Appearance of the fabricated buckypaper film.
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2.2. Modification of Buckypaper Film

Four different modifiers of (1–(3 dimethylaminopropyl) ethylcarbodiimide (EDC)+
N–hydroxysuccinimide (NHS), Tannic acid (TA), Poly (Sodium 4–Styrenesulfonate (PSS),
and Sodium Dodecyl Sulfate, (SDS)) were used to modify the surface of buckypaper film
by spin coating, respectively. The preparation methods of different modifier solutions
were mainly based on references [33–36]. During the spin–coating process, 100 μL of the
modifier solution was dropped onto the surface of specimen, and rotated at about 1000 rpm
for 30 s to make the modifier evenly coated on the surface of specimen. In the following
study, the S–BP specimens were modified with four different modifiers. According to
the different modifiers added, the modified buckypaper composite films were designated
S–BP–EDC/NHS, S–BP–PSS, S–BP–SDS, and S–BP–TA specimens, respectively.

2.3. Addition of Bovine Serum Albumin (BSA)

Due to its cheap price and direct solubility in water, bovine serum albumin (BSA) is
frequently used in research as a standard to quantify the concentration of other proteins or
biomolecules. Before adding BSA to the buckypaper composite films, the aqueous solutions
of 0.02 M NaH2PO4 (Sigma–Aldrich, VE–V900060, Beijing, China) and 0.1 M Na2HPO4
(Sigma–Aldrich, T–3828–01, Bengaluru, India) were mixed to prepare the 0.1 M phosphate
buffered saline (PBS). Then, PBS solution and BSA powder (Sigma–Aldrich, A7906, St.
Louis, MO, USA) were mixed to prepare BSA solutions with different concentrations (10,
100, 1000, 10,000 and 100,000 ng/mL). Next, in order to render the BSA to bond with the
surfaces of specimens evenly, the various specimens and 10 mL of different BSA solutions
were put into the serum bottle, respectively, then placed in a horizontal shaker (Dragon
LAB, model SK–O180–E, Woodbury, CT, USA), and shaken at 100 rpm for 15 min. These
specimens were then removed from the BSA solution and rinsed with PBS solution to wash
away excess BSA that remained unbound on the specimens. Finally, these specimens were
dried at 30 ◦C, and the subsequent measurement and microstructure observation were
carried out.

2.4. Characterization
2.4.1. Contact Angle Measurement

Since the addition of BSA in this experiment is carried out in the form of an aque-
ous solution, the hydrophilic/hydrophobic properties of the specimen’s surface may af-
fect the adsorbed amount of BSA. Therefore, it is necessary to further measure the hy-
drophilic/hydrophobic properties of the specimen’s surface by measuring the contact
angle. The contact angles were measured using a contact–angle analyzer (Xinchuangda
Technology Co., Ltd., Model 100, Taipei, Taiwan). A drop of deionized water (10 μL) was
dropped on the surface of the specimen, and a camera was used to capture the contact
angle of water droplet and specimen.

2.4.2. Electrochemical Measurement

In this experiment, an electrochemical workstation (CHI Instruments, 6114E, Austin,
Texas, TX, USA) was used to carry out the measurement via Differential Pulse Voltammetry
(DPV). The electrochemical system that has three electrodes, including the counter electrode
of platinum, the reference electrode of Ag/AgCl (CHI Instruments, RE–1BP, Tokyo, Japan),
and the working electrode of the specimen, was used in the experiment. During the
measurement, a square specimen of 2 × 2 cm2 with thickness of 0.37 ± 0.03 mm was used,
and the electrolyte was the 5 mM K3Fe(CN)6 PBS solution.

2.4.3. Functional Group Detection

In this experiment, Fourier transform infrared spectroscopy (FTIR) (PerkinElmer,
model Nicolet 460, Akron, OH, USA) was applied to the functional group detection (scan-
ning range: 400–4000 cm−1), which could detect the changes of functional groups on
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surfaces of specimens before and after modification. Because the specimens were black and
opaque, the mode of Attenuated Total Reflection (ATR) was adopted for measurement.

2.4.4. Observation of Microstructure

Before observation, a gold plating machine (Hitachi, E–1010, Lbaraki, Japan) was used
to coat the surface of specimen with a platinum film to increase the electrical conductivity
of the specimen. The scanning electron microscope (Hitachi, FE–SEM4700, Lbaraki, Japan)
with a cold–field emission emitter was used to observe microstructures of various specimens
before and after the addition of different concentrations of BSA, respectively. Meanwhile,
energy–dispersive X–ray spectroscopy (EDX, Horiba, Osaka, Japan) was also used to
analyze the element composition of the modified specimen surface.

3. Results and Discussion

3.1. Contact Angle Measurement

The hydrophilic/hydrophobic properties of the specimen can be carefully researched
by the contact angle measurement. The smaller the contact angle, the better the hydrophilic-
ity of the specimen. In this study, if the specimen has fine hydrophilic properties, it will
be beneficial to combine it with aqueous BSA. As shown in Figure 2, it can be found that
the contact angle of the original, unmodified S–BP specimen (62◦) is larger than that of
all modified specimens. Among the modified specimens, the contact angle of the S–BP–
EDC/NHS specimen (53◦) is the largest, followed by the S–BP–PSS specimen (38◦), the
S–BP–TA specimen (22◦), and lastly, the S–BP–SDS specimen (17◦). It is important to note
that all of the contact angles for these four modified specimens are smaller than that of
the S–BP specimen (62◦). Namely, it indicates that the four modifiers used in this study
can improve the hydrophilic properties of the original S–BP specimen and benefit the
subsequent bonding of the modified specimen with aqueous BSA.

Figure 2. Contact angle measurement of various specimens. (a) S–BP; (b) S–BP–EDC/NHS;
(c) S–BP–PSS; (d) S–BP–SDS; (e) S–BP–TA.
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3.2. Differential Pulse Voltammetry (DPV) Measurement of Buckypaper Composite Films

This part mainly uses the DPV electrochemical method to measure the reaction feed-
back (oxidation current) of various specimens, adding different concentrations of BSA
(0 ng/mL, 10 ng/mL, 100 ng/mL, 1000 ng/mL, 10,000 ng/mL, 100,000 ng/mL). The
change rate of the oxidation current of the specimen before and after adding different
concentrations of BSA was further calculated. The correlation between the logarithm BSA
concentration (log (BSA) ng/mL) and the change of oxidation current was analyzed by
linear regression analysis.

Figure 3a shows the DPV measurement results of the original, unmodified S–BP
specimen after adding different concentrations of BSA. It can be found that there is no
obvious difference in the oxidation current of the S–BP specimen when adding lower
concentrations of BSA (10 ng/mL, 100 ng/mL). However, after adding a high concentration
of BSA (1000 ng/mL, 10,000 ng/mL, 100,000 ng/mL), the oxidation current of the S–BP
specimen begins to decrease gradually. When adding BSA with a low concentration, it has
difficulty bonding stably to the surface of the S–BP specimen, leading to an inconspicuous
change in the oxidation current. The main cause is conceivably due to the fact that the
S–BP specimen only exhibits weak hydrophilic properties (contact angle: 62◦). When the
concentration of BSA is higher, the bonding chance of BSA to the specimen increases, so
the oxidation current reflected by the electrochemical system also changes significantly.

From the diagram of linear regression analysis (Figure 4), it is evident that the oxi-
dation current of all specimens roughly decreases with the increase of logarithm concen-
tration of BSA (log (BSA) ng/mL). It can be found that there is no obvious difference in
the oxidation current of various specimens when adding lower concentrations of BSA
(10 ng/mL, 100 ng/mL). However, after adding a high concentration of BSA (1000 ng/mL,
10,000 ng/mL, 100,000 ng/mL), the oxidation currents of the various specimens appar-
ently start to become different. It also can be found that the regression line slope of the
unmodified S–BP specimen (−0.022) is “less tilted” than that of the modified specimens
(S–BP–EDC/NHS specimen: −0.0318, S–BP–PSS: −0.0438, S–BP–SDS specimen: −0.034,
and S–BP–TA specimen: −0.0388). This phenomenon implies that, with the increase of BSA
concentration, the change in oxidation current of the unmodified S–BP specimen was less
obvious than that of the modified specimens.

Figure 3b shows the DPV measurement results of the S–BP–EDC/NHS specimens after
adding different concentrations of BSA. It can be found that the oxidation current of the
S–BP–EDC/NHS specimen, compared with that of the S–BP specimen, trends prominently
downwards with the log (BSA concentration). It is conceivable that an amine–reactive
O–acylisourea intermediate develops [37] when the carboxyl groups on the surface of
the S–BP specimens are modified by EDC/NHS. This O–acylisourea intermediate will
form covalent amide bonds with the amine group on BSA. The covalent bond has strong
bonding strength to conjugate with BSA more stably. Therefore, the measurement results
also demonstrate that the S–BP–EDC/NHS specimens have a more obvious oxidation
current feedback when adding different concentrations of BSA.

According to the linear regression analysis of the S–BP–EDC/NHS specimens (Figure 4b),
it can be found that the added log (BSA concentration) presents a good inverse linear rela-
tionship with the feedback oxidation current, which represents that the S–BP–EDC/NHS
specimens have a good linear dependence between log (BSA concentration) and oxidation
current data.

The DPV measurements of the S–BP–PSS and S–BP–SDS specimens were quite similar
(Figure 3c–d). After the concentration of BSA was higher than 100 ng/mL, the oxidation
current of these specimens began to change significantly, and the change extent was
also more obvious than that of the unmodified S–BP specimen. It is evident that these
modified specimens, owning better hydrophilicity, improve the bonding effect between
these specimens and aqueous BSA. Moreover, the oxidation currents measured by these
specimens also differed with changes in BSA concentration. In the linear regression analysis
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of these specimens (Figure 4c–d), it is clear that the oxidation currents of these specimens
also roughly decrease with the increase of the logarithm concentration of BSA.

Figure 3. Differential Pulse Voltammetry (DPV) measurement of various specimens. (a) S–BP;
(b) S–BP–EDC/NHS; (c) S–BP–PSS; (d) S–BP–SDS; (e) S–BP–TA.
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Figure 4. Linear regression analysis diagram of various specimens. (a) S–BP; (b) S–BP–EDC/NHS; (c)
S–BP–PSS; (d) S–BP–SDS; (e) S–BP–TA.
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When comparing these four modified specimens, it can be observed that the S–BP–PSS
and S–BP–SD specimens have similar measurement data, while the S–BP–EDC/NHS and S–
BP–TA specimens are still slightly different from the other specimens. The possible reason
is that the EDC/NHS and TA modifier can not only improve the hydrophilic properties
of the specimens, but also has more O–acylisourea intermediate and conjugated structure
(benzene), which is also beneficial to further bonding with BSA with covalent amide bond
or conjugated structure. Therefore, the measured data of the S–BP–EDC/NHS and S–BP–TA
specimens in the linear regression analysis showed a better linear dependence.

By comprehensively analyzing the measurement results of each modified specimen,
it can be found that the hydrophilic/hydrophobic properties of the modifier affect the
bonding effect between the specimen and BSA. However, if the modifier can produce an
amide bond or conjugate structure on the specimen, it will have a more significant and
positive influence on the bonding effect between the specimen and BSA.

3.3. Functional Group Detection

In order to explore whether the various modifiers were successfully attached on the
surface of S–BP specimens to achieve the effect of modification, the functional groups of
various S–BP specimens before and after modification were analyzed by FTIR.

Figure 5 shows the FTIR analyses of various specimens. The C=C peak (1600~1650 cm−1)
and hydroxyl functional groups (–OH) peak (2900~3100 cm−1) denote the CNTs and
carboxylated CNTs respectively, which can be found in the unmodified S–BP specimens.

Figure 5. Fourier transform infrared spectroscopy (FTIR) analyses of various specimens.

The S–BP–EDC/NHS specimen has the C=O peak (1650~1700 cm−1) and the N–H
peak (3200~3400 cm−1), which is consistent with the chemical formula of EDC/NHS
(C8H17N3/C4H5NO3). It indicates that EDC/NHS is successfully attached to the surface of
the specimen.

In the S–BP–PSS specimen, there are the S=O peaks (1380~1435 cm−1) of sulfonates and
the C–H peaks (2840~3000 cm−1) of alkenes. Both peaks are consistent with the chemical
formula of PSS (C8H7NaO3S)n. It is believed that the PSS is also successfully attached to
the specimen.
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The S–BP–SDS specimen has the S=O peak (1250~1315 cm−1) and the C–H peak
(2900~3000 cm−1) that denote the elements of sulfate and alkane respectively. Both peaks
are consistent with the SDS chemical formula of NaC12H25SO4, which indicates that SDS
can be successfully attached to the specimen.

In the S–BP–TA specimen, in addition to the C=O peak (1650~1700 cm−1) representing
the carboxyl group (–COOH), the intensity of the hydroxyl (–OH) peak (2900~3000 cm−1)
is also higher than that of the unmodified S–BP specimen. This means that the S–BP–TA
specimen not only contains the hydroxyl group of the S–BP specimen itself, but also adsorbs
the hydroxyl group in the modifier TA, and these two peaks are also consistent with the
chemical formula of TA (C76H52O46). It is speculated that TA is also successfully attached
to the specimen.

3.4. Observation of Microstructure

Figure 6 shows the microstructure of various specimens before adding BSA. It can be
found that in the original unmodified S–BP specimen (Figure 6a) prepared from carboxy-
lated CNTs, the CNTs have some cutting surfaces due to the carboxylation treatment (as
indicated by the arrow). The CNTs of the specimen, without agglomeration, intertwined
and stacked with each other, as well as distributed evenly. This implies that using pumping
filtration to make buckypaper films has a good effect. By observing the microstructure
of various specimens modified by different modifier (Figure 6b–e), it is found that all
modified specimens showed similar surface morphologies, and the differences cannot be
distinguished clearly by SEM.

Figure 6. Microstructure of various specimens before adding BSA. (a) S–BP; (b) S–BP–EDC/NHS;
(c) S–BP–PSS; (d) S–BP–SDS; (e) S–BP–TA. “Arrows” indicate some cutting surfaces of CNTs resulted
from the carboxylation treatment.

In order to investigate whether the modifier is successfully attached to the specimen,
this study not only uses FTIR to analyze the functional groups of each modified specimen,
but also employs EDX to analyze the element compositions of the modified specimen
surfaces. As shown in Figure 7, it can be found that in the unmodified S–BP specimen
(Figure 7a), the EDX signal is mostly dominated by the element of carbon (C), and contains
a weak signal of the element of oxygen (O). This weak signal is caused by the oxygen–
containing functional groups on carboxylated CNTs.
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Figure 7. EDX analyses of various specimens. (a) S–BP; (b) S–BP–EDC/NHS; (c) S–BP–PSS;
(d) S–BP–SDS; (e) S–BP–TA.
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In the S–BP–EDC/NHS specimen (Figure 7b), it can be found that the signal of the
element of oxygen (O) is slightly stronger than that of the unmodified S–BP specimen, but
the element of nitrogen (N) in the chemical formula of EDC/NHS (C8H17N3/C4H5NO3)
cannot be detected. It is believed to be due to the fact that the content of the nitrogen
element (N) is too scant to be detected. Nevertheless, from the EDX signal of the oxygen
element (O) and the analytic results of the functional groups in Figure 5, it can be inferred
that EDC/NHS is successfully attached to the surface of the specimen. In the S–BP–
PSS (Figure 7c) and S–BP–SDS specimens (Figure 7d), the detectable EDX signals of the
sulfur element (S) and the sodium element (Na), corresponding to the chemical formula
(C8H7NaO3S)n of PSS and the chemical formula of SDS (NaC12H25SO4), indicate that
both PSS and SDS are attached to the specimen surface. In the EDX element analysis of
the S–BP–TA specimen (Figure 7e), it can be found that the signal of the oxygen element
(O) is stronger than that of the unmodified S–BP specimen, which also accords with the
chemical formula of TA (C76H52O46). Therefore, it is reasonable to infer that TA is attached
to the surface of the specimen. Based on the analytic results of FTIR and EDX, it can be
proven that the various modifiers can successfully attach to the surfaces of the specimens
by spin coating.

Figure 8 shows the microstructure of various specimens after adding two different
concentrations (100 ng/mL and 100,000 ng/mL) of BSA. It is clear that there is no obvious
BSA particle adhesion on the surface of the S–BP specimen with 100 ng/mL added BSA
(Figure 8a). The main cause is due to the low concentration of added BSA and the weak
bonding strength between BSA and the surface of the S–BP specimen. When the added BSA
concentration was 100,000 ng/mL, more BSA particles could be obviously observed on the
surface of the S–BP specimen (as indicated by the arrow) (Figure 8b), so the corresponding
electrochemical measurement results also showed more obvious changes.

However, the microstructures of the modified specimens after adding BSA are different
from those of the S–BP specimens (Figure 8c–j). It can be found that even after adding a low
concentration (100 ng/mL) of BSA to the S–BP–EDC/NHS specimen, some BSA particles
can still be observed on the surface of the S–BP–EDC/NHS specimen (Figure 8c). This
shows that the bonding effect between the S–BP–EDC/NHS specimen and BSA is better
than that of the S–BP specimen. When the added concentration of BSA is 100,000 ng/mL
(Figure 8d), it reveals that the surface of the S–BP–EDC/NHS specimen is covered with a
large range of BSA particles, which also explains the reason for the most obvious change in
electrochemical properties of the S–BP–EDC/NHS specimen after adding BSA.

In the microstructure of the S–BP–PSS, S–BP–SDS and S–BP–TA specimens with
100 ng/mL added BSA, it can be observed that BSA with a membrane–like structure is
bonded to the surface of the specimens (Figure 8e,g,i). According to the contact angle
measurements (Figure 2c–e), the modifiers of PSS, SDS, and TA can reduce the surface
tension, improve the hydrophilic property of these three specimens, and avail the combina-
tion of the specimen and aqueous BSA to achieve a membrane–like structure [38]. When
100,000 ng/mL BSA is added (Figure 8f,h,j), a large area of membrane–like BSA can also
be observed on the surface of these three specimens. These phenomena also provide the
main reason why the electrochemical measurement performance of these three modified
specimens is different from that of the unmodified S–BP specimen.

From the microstructure observation of all modified specimens with 100,000 ng/mL
added BSA, it can be found that the BSA attached on the surfaces of the S–BP–EDC/NHS
and S–BP–TA specimens seems to show a larger area and denser morphologies. Further-
more, the corresponding data of these two specimens in the linear regression analysis also
exhibit a better linear dependence. For the modified specimens, this phenomenon once
again shows that the hydrophilic property affects the bonding effect with BSA, and the
bonding type (such as amide bond or conjugate structure, etc.) produced by the modifier on
the specimens also performs an important role in the bonding effect between the specimen
and BSA.
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Figure 8. Microstructure of various specimens after adding two different concentrations (100 ng/mL
and 100,000 ng/mL) of BSA. (a) S–BP, 100 ng/mL; (b) S–BP, 100,000 ng/mL; (c) S–BP–EDC/NHS,
100 ng/mL; (d) S–BP–EDC/NHS, 100,000 ng/mL; (e) S–BP–PSS, 100 ng/mL; (f) S–BP–PSS,
100,000 ng/mL; (g) S–BP–SDS, 100 ng/mL; (h) S–BP–SDS, 100,000 ng/mL; (i) S–BP–TA, 100 ng/mL;
(j) S–BP–TA, 100,000 ng/mL. “Arrows” indicate the positions of part of the BSA covering on the
specimen surface.
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4. Conclusions

In this study, carboxylated CNTs were used to make buckypaper composite films and
further modify them by incorporating different surface modifiers. After adding different
concentrations of BSA, DPV electrochemical measurement was applied to measure the char-
acteristics of the specimens. It is observed that the hydrophilic properties of all modified
specimens are better than that of the original unmodified S–BP specimen. Succinctly, the
changes brought about by using modifiers can improve the bonding effects between modi-
fied specimens and aqueous BSA. Therefore, the variation of electrochemical properties
for the modified specimens after adding BSA is more apparent than that of the original
S–BP specimen. In the linear regression analyses of all specimens, the oxidation current
of a specimen roughly decreases with the increase of logarithm concentration of BSA (log
(BSA) ng/mL). The regression line slope of the unmodified S–BP specimen is less tilted
than that of the modified specimens. This phenomenon implies that, with the increase of
BSA concentration, the change in oxidation current of the unmodified S–BP specimen was
less obvious than that of the modified specimens. It is noteworthy that the bonding type
produced by the modifier has a more prominent influence than the hydrophilic property
on the bonding effect between the specimen and BSA.
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