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Room-temperature ferromagnetism in the large and direct bandgap diluted magnetic semiconductor zinc

oxide (ZnO) is attributed to the intrinsic defects and p-orbital–p-orbital (p–p) coupling interaction.

However, due to oxidation, the ferromagnetism induced by defects is unstable. In the present work, the

solution process synthesis route was utilized to grow pristine and bismuth-doped, highly crystalline ZnO

nanowire (ZnO NW)-based samples. The FE-SEM images showed that the grown ZnO NWs have

a preferred orientation along the c-axis in the (001) direction due to the anisotropic crystal nature of

ZnO. X-ray photoelectron spectroscopy (XPS) confirmed the presence of Bi, and at a higher doping

content, the bismuth oxide phase appeared. The XRD patterns showed the wurtzite crystal structure, and

the large intensity of the (002) peak suggests that most of the reflection was from the top hexagonal

face of the NWs, and thus, the wires are predominantly aligned along the c-axis. The TEM analysis

further confirmed the crystal growth direction along the (001) direction. The UV-Visible absorption and

PL measurements also showed a decrease in the bandgap with an increase in doping concentration,

which may be associated with the sp–d exchange interaction between the localized d-electrons and

band electrons of the Bi ions. Bi-doping tended to increase the PL intensity in the visible region. The

magnetic properties measured by SQUID at 4 and 300 K showed ferromagnetic behaviour for both the

pristine and Bi-doped samples. However, the saturation magnetization for the Bi-doped samples was

higher compared to that of the pristine ZnO samples until the threshold doping value. The obtained

results demonstrated that Bi-doping can be used to tune both the optical and magnetic properties of

ZnO NWs, hence paving the way for future spintronics and spin-polarized optoelectronics applications.
Introduction

Diluted magnetic semiconductors (DMS) have gained signi-
cant attention due to their potential applications in spintronics,
which exploit both the spin and charge of electrons.2 DMS-
based spintronics have wider applications compared to metal-
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f Chemistry 2020
based spintronics such as spin-polarized photodetectors, spin-
polarized light-emitting diodes (spin-LEDs) and spin-polarized
eld-effect transistors (spin-FETs).3 Particularly, attempts to
achieve room temperature ferromagnetism (RTFRM) in DMS
has been a key challenge for researchers to date. Previous
reports showed that the use of metal oxides is benecial due to
their favourable physical and chemical properties.4–7 Especially,
their properties can be simply modied by the introduction of
trivalent or pentavalent element cations with lower oxidation
states, specically, Yb, Zr, Eu, Pr, Y, Cu, Nd, Ce, Sm, In and
Ni.8–10 The doping of external cations in the oxide lattice may
lead to a change in the concentration of O vacancies. A change
in phase transition and structural distortion is also probable by
the introduction of these cations, consequently resulting in
a signicant difference in the transport and magnetic proper-
ties of metal oxides. For instance, the doping of Nd3+ ions in the
BaZr0.8Y0.2O3 lattice caused an increase in its protonic
conductivity due to a decrease in the grain boundary resistance
aer Nd3+ doping.11

There have been several reports about RT-FM, which is
crucial for device applications in oxide and nitride semi-
conductors such as zinc oxide (ZnO) and gallium nitrate (GaN).
RSC Adv., 2020, 10, 23297–23311 | 23297
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The II–VI compound semiconductor (SC) ZnO, a weak ferro-
magnetic compound, has been studied over the years because of
its wide-range applications in optoelectronic and magneto-
electronic devices.12 Particularly, ZnO is a promising material
for diverse applications because of its large exciton binding
energy (60 meV) at room temperature and wide bandgap
(Eg ¼ 3.37 eV) near the UV spectral region. The fabrication of
high-quality vertically-grown single-crystalline ZnO nanowires
using a simple fabrication has been reported previously.13

However, the origin of ferromagnetism in ZnO is still an unre-
solved debate. Ferromagnetism in pristine ZnO is reported to be
caused by defects such as Zn interstitials or oxygen vacancies;
nevertheless, these defects are not uniform throughout the
sample but restricted to some defect-rich regimes (interface,
surface and grain boundaries). Utilizing these defects to facili-
tate magnetic coupling is still challenging.14,15 Therefore,
studies to determine the mechanism for the interactions of
localized spins associated with native point defects have been
carried out.16

Numerous theoretical17–19 and experimental13,20–24 studies
related to DMS demonstrated that it is possible to achieve
ferromagnetism above room temperature via the substitution of
cations with transition metal (TM) ions. However, the occur-
rence of undesirable phase separation may cause problems with
TM-doped DMS, which may deter their practical applications.
Transition metals can be ferromagnetic themselves and when
they are doped in oxide materials, for example, ZnO, can give
rise to uncertainty in the origin of ferromagnetism in TM-doped
nitrides and oxides, leading to complications in the growth of
practical DMS materials.1 This issue can be resolved by doping
with a non-ferromagnetic element.25 If these types of dopants
and their oxides in the bulk form are non-ferromagnetic, then
the formation of precipitates and clusters will probably not be
the reason for the ferromagnetic behaviour of DMS-based
materials.

Besides doping with cationic sites, researchers have also
focused on doping with anionic sites.1 The anions F, S, Cl, N,
and Bi when doped in the oxygen sites of metal oxides, tend to
improve their chemical and physical properties.26–31 Theoretical
studies have shown that the partial substitution of oxygen by an
anion into an oxide material will introduce acceptor levels due
to its p-orbital, thus introducing free holes in the crystal. These
free carriers in the localized orbitals may be responsible for the
itinerant magnetism in metal oxides. The anionic p-orbital,
which is relatively localized will give rise to p–p coupling.
Therefore, the free holes and p–p orbital coupling between the
anionic sites and metal oxide will tend to increase the ferro-
magnetism in the system.1 Furthermore, the anions, which are
located at the oxygen sites, besides creating lattice defects, also
suppress the deep oxidation of hydrocarbons.

In 2003, Sharma et al. found that the DMS having a Curie
temperature (Tc) of more than 300 K could be prepared by
doping with non-TM atoms for anions substitution in SCs.
From this study, it was observed that the generation of holes in
the system can lead to the stabilization of ferromagnetism in
the ground state of DMS materials.32 This stability is attributed
to the concentration of holes and the exchange splitting of the
23298 | RSC Adv., 2020, 10, 23297–23311
dopant gap states. Lithium,33 carbon,34 gadolinium,35

nitrogen,36 and bismuth37 are some of the non-magnetic
elements reported earlier to exhibit RT-FM. However, among
the reported elements, a heavy ion and non-magnetic element
that can serve as a stabilizer for ferromagnetism is preferable
since it has a strong spin–orbit energy, which is related to the
atoms of its ion cores, linking the magnetic moment with the
lattice. Bi atoms are one of the promising heavy non-magnetic
candidates, which causes itinerant ferromagnetism instead of
defect-related ferromagnetism. The abovementioned idea
proposes that spin–orbit coupling is one of the key components
to favour itinerant ferromagnetism in ZnO. The relatively bigger
radius of Bi3+ than that of Zn2+ produces a large mismatch in
the lattice constant and conductivity of Bi-doped ZnO, making it
semi-insulating.38 Doping with this type of heavy-ion element
can cause an increase in magnetic anisotropy, and thus
magnetization in metallic systems, and even a disordered
magnetic moment. Hence, a non-TM and a non-ferromagnetic
heavy ion-doped DMS material may lead to drastically new
directions in the search for spintronic materials. Previously,
experimental39 and theoretical40 attempts have been made to
investigate the origin of the ferromagnetism in Bi-doped ZnO
monocrystalline and nanowires. However, further studies are
required to unfold the mystery of the origin of ferromagnetism
in DMS and oxides.

Herein, we propose a simple solution-processed synthesis
route to grow ZnO nanostructures at low temperatures. The
pristine ZnO and Bi-doped NWs were synthesized using
a hydrothermal process. Post annealing at 350 �C improved the
crystal quality of the ZnO NWs. There have been several reports
on magnetic studies in PLD-deposited1 thin lms with non-
magnetic dopants, but, to the best of our knowledge, there
are limited reports on anion doping strategies aimed to
enhance the magnetic properties in solution-processed Bi-
doped ZnO NWs. Accordingly, we examined the effects of Bi-
doping on the physical and magnetic properties of ZnO NWs.
Experimental details
Chemicals

Analytical reagent zinc acetate dehydrate (ZnA) with the chem-
ical formula Zn(CH3COO)2 and sodium hydroxide (NaOH) were
used as precursor sources for the preparation of nanoparticles
(NPs). Meanwhile, hexamethylenetetramine (HMTA) with the
chemical formula C6H12N4 and zinc nitrate hexahydrate (ZnN)
with the chemical formula Zn(NO3)2$6H2O were used to grow
the ZnO NWs. Bismuth nitrate pentahydrate (BiN) with the
chemical formula Bi(NO3)3$5H2O was added as a dopant in the
ZnO NWs. All the mentioned materials were purchased from
Chemiz and were used as received without further purication.
Synthesis of ZnO NWs

The pristine and Bi-doped ZnO samples were grown on glass
and Si substrates hydrothermally. 0.01 M of ZnA weighing
43.87 mg was dissolved in 20 mL methanol and stirred using
a magnetic stirrer at 60 �C for 30 min on a hot plate.
This journal is © The Royal Society of Chemistry 2020
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Meanwhile, 0.09 M of NaOH solution weighing 72 mg was
prepared in 20 mL methanol and stirred for 30 min at room
temperature. Then, NaOH solution, as a reducing agent, was
heated at 60 �C for 5–7 min before it was added to the ZnA
solution to maintain the temperature of both solutions.
Aerward, the NaOH solution was added dropwise to the ZnA
solution and continued to stir using a magnetic stirrer at 60 �C
for 2 h to prepare the stabilized ZnO NPs. The stepwise prep-
aration of these ZnO nanoparticles or nanoseeds is schemat-
ically described in the ESI (Fig. S1†). The ZnO nanoparticle
suspension solution was spin-coated on clean glass and Si
substrates. Both substrates were cleaned ultrasonically via
sequential washing with acetone, ethanol and distilled water
(DI water), respectively, for 12 min each. Aer coating, the
substrates were annealed at 300 �C in a furnace.

Subsequently, an equimolar solution of ZnN and HMTA in
DI water was prepared and stirred for 2 h at room temperature
to achieve a homogeneous solution. The ZnO nanoseed-coated
substrates were placed upside down in a beaker containing the
precursor solution. The beaker was then covered with Al foil and
placed in a convection oven maintained at 95 �C for 6–8 h. This
growth process is schematically depicted in the ESI (Fig. S2†).
For Bi-doping, a similar solution of HMTA and zinc nitrate was
prepared and different weight percentages of BiN, i.e. 1, 3 and
5% were added to the ZnN solution. Next, the substrates were
removed from the solution, rinsed with DI water and annealed
under ambient conditions with an argon ow at 350 �C for
30 min in a furnace to remove any organic contaminants and to
improve the crystal quality of the ZnO NWs.

Surface morphology studies were carried out using a Hitachi
SU8230 Cold Field UHR eld emission electron microscope
(FESEM) at an accelerating voltage of 2 kV. The crystal structure
and growth direction analysis of the sample was investigated by
X-ray diffraction (XRD) on a D8 Bruker Advance X-ray diffrac-
tometer with Cu ka radiation (l ¼ 1.54 Å) and transmission
electron microscopy (Tecnai G2 F20, FEI TEM, with accelerating
voltage of 200 kV), respectively. The optical absorption spectra of
the samples were recorded in the range of 250–800 nm using
a Hitachi U-3900H double beam UV-Visible spectrometer. The
photoluminescence (PL) spectra of the samples weremeasured at
room temperature employing an He–Cd laser with an excitation
wavelength of 325 nm and laser power of 5 mW. The laser
exposure time was selected to be 60 s. The diffraction grating for
PL measurement was changed to 1200 lines/mm. X-ray photo-
electron spectroscopy (XPS) on a ULVACQuantera II with an Al ka
monochromatic source (1486.6 eV) was utilized to determine the
elemental composition and oxidation state of the prepared
samples. DC magnetization was performed with a super-
conducting quantum interference device (SQUID) magnetometer
(Model: M355 Quantum Design, Inc., USA) for various tempera-
tures down to 4 K and magnetic elds of up to 50 000 Oe.

Results and discussion
Morphological and structural studies

The FESEM images of the pristine and Bi-doped ZnO NWs are
presented in Fig. 1. Fig. 1(a) shows the top-down view of the as-
This journal is © The Royal Society of Chemistry 2020
grown ZnO NWs. The top and bottom insets in Fig. 1(a) show
the high-resolution image of a promising hexagonal shape
single NW at �250 K magnication and the frequency distri-
bution graph obtained using the ImageJ soware, respectively.
The average diameter of the as-grown ZnO NWs was approxi-
mately 86 nm. Fig. 1(b)–(d) show the FESEM top-down view of
the 1, 3 and 5% Bi-doped ZnO NWs, respectively. The estimated
average diameter of the nanowires in the bottom insets in
Fig. 1(b)–(d) were 70, 137 and 94 nm, respectively. Overall, the
promising hexagonal shape of the pristine ZnO NWs changed
with an increase in the Bi concentration. The altered hexagonal
shape at the tip of the Bi-doped ZnO NWs can be seen in the top
right inset of Fig. 1(b)–(d). Considering the margin error, there
is a noticeable increasing trend in the nanowire diameter with
an increase in Bi doping concentration, as shown in the top and
bottom insets in Fig. 1. The possible explanation for the
increase in diameter and the change in surface morphology can
be correlated to the accumulation of the OH� ions on the
sidewalls of the NWs, which hindered the growth of the side
walls, only allowing axial growth. With the doping of bismuth
atoms, bismuth nitrate, acting as a weak base, reduced the
number of OH� ions released by HMTA. The reduction in OH�

ions yielded an increase in radial growth, and thereby the
diameter of the ZnO NWs increased. In contrast, aer a certain
doping level, Bi begins to produce a Bi2O3 phase in the system
due to the excessive content of Bi. The doping resulted in
a slight increase in the diameter of the nanowires, which can be
related to Bi2O3. Our speculation was conrmed by the XPS
results, showing that at a higher doping concentrations, the
Bi2O3 peak intensity kept increasing.

In the reaction process, the hydrolysis of ZnN and HMTA
occurs to release Zn2+ and OH� ions, respectively. The Zn2+ and
OH� ions chemically react to form Zn(OH)2 complexes. In the
growth process of the ZnONWs, the concentration of OH� is the
dominant factor contributed by HMTA. Under a given pH and
temperature, Zn2+ is likely to exist as Zn(NH3)4

2+ and Zn(OH)4
2�

intermediates. ZnO is formed by the dehydration of the inter-
mediates. The oppositely charged ions produce polar surfaces,
which result in a normal dipole moment and spontaneous
polarization along the c-axis as well as a divergence in surface
energy. The grown ZnO NWs have a preferred orientation along
the c-axis due to the anisotropic crystal nature of ZnO. These
hexagonal ZnO NWs are polar and have a relatively high surface
energy. Consequently, the polar top planes attract a higher
number of ions and promote a fast growth rate. This results in
the vertical growth of the ZnO NWs on the substrate. The
molecules present under the hydrothermal conditions adsorb
onto the (001) surfaces and stabilize them relative to the
competing facets. In the decomposition of ZnN to ZnO, the
adsorbates are primarily hydroxyl groups. The growth is fav-
oured due to the spatial preference of the reacting species. The
(001) surface energy depends on the crystal thickness, and thus
very thin ZnO crystals prefer the [001] orientation, which is then
kinetically locked-in as growth proceeds.41

Since the Bi ions were added to the precursor solution, they
induced a thermodynamic barrier in the system. The barrier
slowed down the nucleation process and the growth rate of
RSC Adv., 2020, 10, 23297–23311 | 23299
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primary nuclei, which occurs on the seed layer surface, where
Zn and O are arranged alternately on the top of the seed layer to
nucleate a new ZnO crystal on the seeded layer. The signicant
tip surface roughness in Fig. 1(b)–(d) can be attributed to the
diffusion of the Bi atoms. Nevertheless, the diffusion of the Bi
atoms into the sidewalls is relatively less. The reason for this
can be attributed to the higher surface energy at the top of the
NWs, whereas that at the sidewalls is lower, as proposed by Wei
et al.42 Consequently, Bi is likely to reside on the top of the NWs
and deform the shape of their tip into a porous-like structure.
Note that a higher doping concentration hindered the further
growth of the NWs or increased their diameter because the
(0001) surfaces of ZnO usually expose terminal OH� ligands in
solution. The presence of valence ions instead of Zn2+ ions in
the ZnO crystal is likely to enhance the adsorption of OH�

ligands on the basal surfaces. These ligands will prevent the
further extensive deposition of Zn-related species along the
surface, leading to a decrease in the growth rate of the ZnO NWs
along the c-axis.43 Likewise, it was also observed that there was
a reduction in the height of the pristine ZnO NWs from 1.5 mm
to 1.3 mmwhen doped with 1% of Bi, as shown in ESI Fig. S3-a.†
As can be seen in Fig. 1, it is worth noting that even at high Bi
Fig. 1 FESEM analysis of the top-down view of the (a) undoped ZnO NW
top and bottom insets in (a)–(d) show the high-resolution image of a sing
sample.

23300 | RSC Adv., 2020, 10, 23297–23311
doping concentrations, the hexagonal shape of the tip was still
well-preserved without serious deformation and the nanowires
were well-distributed on the substrate. This observation indi-
cates the incorporation of the Bi ions into the ZnO matrix.

Fig. 2 shows the energy-dispersive X-ray spectroscopy (EDS)
chemical compositional analysis of the pristine and Bi-doped
ZnO NWs. Overall, the spectral analysis conrmed the pres-
ence of various elements, specically Zn, O, Bi, Si, and C. The
Si peak originated from the Si substrate and the appearance of
C element is mainly due to the absorption of organic
compounds during handling. Fig. 2(a) shows the presence of
Zn and O elements in the pristine ZnO sample. When the
pristine ZnO was doped with Bi atoms, the appearance of Bi
peaks was observed, as shown in Fig. 2(b) and (c). It is
remarkable that in Fig. 2(b) and (c), the Bi peak intensity
increased when the Bi concentration increased from 1% to
3%, respectively, indicating the incorporation of Bi ions into
the ZnO crystal structure. Further information on the
elemental and atomic percentage of the samples is presented
in ESI Table S3-b.† Fig. 2(d) presents the elemental mapping of
the Bi:ZnO-3% NWs. Fig. 2(d-i) show the elemental mapping
images, containing information on all the possible present
s, (b) Bi:ZnO-1% NWs, (c) Bi:ZnO-3% NWs, and (d) Bi:ZnO-5% NWs. The
le nanowire and the average diameter measurements for the respective

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 EDS analysis of (a) pristine ZnO NWs, (b) Bi:ZnO-1%, and (c) Bi:ZnO-3% NWs. (d) Elemental mapping analysis of a single Bi:ZnO-3%
nanowire.
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elements in the Bi:ZnO-3% NWs. Fig. 2(d-ii), (d-iii), and (d-iv)
in blue, green and red colours, respectively, show the further
breakdown of the Bi Ma1, Zn La1 and O Ka1 elemental
mapping. The relatively higher brightness of the Bi content on
the tip surface shows that most of the Bi diffused into the tip of
the nanowire, as can be seen in Fig. 2(d-ii). Besides the O
element in Fig. 2(d-iv), the relatively higher brightness on the
tip surface also indicates the possibility of the formation of
Bi2O3. The map sum spectrum of the Bi:ZnO-3% sample in ESI
Fig. S4† shows apparent ZnO and Bi peaks, further conrming
the speculation of the incorporation of Bi in the ZnO lattice.
Therefore, it can be concluded that the obtained EDS spectra
of the pristine and Bi-doped ZnO NWs show that no other
undesirable foreign elements were present in the synthesized
samples.

Fig. 3(a) shows the TEM image of a single Bi:ZnO-3%
nanowire. The inset in Fig. 3(a) shows the enlarged tip image of
the nanowire marked in the red square. Fig. 3(b) shows the
high-resolution-TEM (HRTEM) sidewall image of the nanowire
in Fig. 3(a) at point (b). The obtained HRTEM image in Fig. 3(b)
demonstrates that the prepared nanowire formed a high-quality
single-crystal structure with a smooth surface and followed the
[001] growth direction. The interlayer spacing, which grew along
the [001] direction, was calculated to be 0.262 nm. This is in
This journal is © The Royal Society of Chemistry 2020
good agreement with the previously reported literature for the
(002) plane of single-crystal ZnO NWs, showing that the ZnO
grew vertically along the c-axis.44 The pre-deposited seed layer
containing nanograins grew along the (002) polar surface,
supporting the nucleation sites for the subsequent growth of
the ZnO NWs.41 The NWs grew from the nucleation sites on the
O-terminated (002) polar surfaces. To examine the effects of
doping on different spots of the prepared Bi:ZnO-3% single
nanowire, the tip and stem of the nanowire were marked as (d)
and (e) in Fig. 3(c), respectively. The HRTEM images of these
spots revealed that the Bi-doped ZnO crystal structure tended to
become polycrystalline in nature, as can be observed in Fig. 3(d)
and (e). This observation may be due to the incorporation of Bi
into the ZnO lattice. However, there was no segregated cluster of
impurity phases appearing throughout the nanowire.

As discussed earlier, it is speculated that the majority of the
Bi atoms tended to reside on the tip of nanowires, and a lower Bi
content saturated the stem of the nanowires due to the differ-
ence in the surface energies at the tip and stem. Therefore, it is
reasonable that the interlayer spacing reects the signicant
changes at the tip compared to the stem of the Bi-doped ZnO
NWs, as further proven by the calculated interlayer spacing
values presented in Fig. 3(f). The HRTEM analysis demon-
strated that the interlayer spacing between the crystal planes for
RSC Adv., 2020, 10, 23297–23311 | 23301
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Fig. 3 TEM images of the Bi:ZnO-3% sample. (a) A single nanowire. (b) Magnified view of the red boxmarked in (a). (c) Selected (d) and (e) areas at
the tip and stem, respectively. (d and e) HRTEM images at the tip and stem of the nanowire, marked as (d) and (e) respectively in (c). (f) Interlayer
spacing plots for (d) and (e), respectively.
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the Bi-3%-doped sample was 0.284 nm at the tip of the nanowire
and 0.268 nm at the edge of the stem. The measured inter-
spacing values correspond to the (002) plane of ZnO, as shown
23302 | RSC Adv., 2020, 10, 23297–23311
in Fig. 3(d) and (e). The lattice expansion and change in the
interlayer spacing were likely caused by Bi-doping, thus
producing stress and strain in the crystal structure. Again, the
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 EDS spectra of Bi:ZnO-3% at the (a) tip and (b) stem of a nanowire for the selected red circle areas.
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increment in the lattice spacing suggests the incorporation of Bi
dopant mainly in the tip area. The same behaviour is also re-
ported in the literature when ZnO nanorods were doped with
cobalt at different concentrations.45
This journal is © The Royal Society of Chemistry 2020
Fig. 4(a) and (b) show the TEM EDS results measured at the
tip and stem, respectively of a single nanowire. The spectra
show the presence of Bi at the tip and stem of the nanowire,
conrming the incorporation of 0.68 atomic percent of Bi at the
RSC Adv., 2020, 10, 23297–23311 | 23303
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Table 1 Atomic percentage of each element present in the Bi:ZnO-3%
sample by TEM

Element

Atomic percentage (%)

Tip Stem

Si 0 0.71
O 49.99 47.51
Zn 49.31 51.67
Bi 0.68 0.080

Fig. 5 XRD analysis of (a) pristine ZnO NWs, (b) pristine and Bi-doped
ZnO NWs for 1%, 3%, and 5% concentration, and (c) 002 peak for the
pristine and Bi-doped ZnO NWs samples.
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tip and 0.08 atomic percent of Bi at the stem. The measurement
of a higher Bi atomic percentage at the tip is more evidence to
further conrm the occurrence of Bi-doping in the tip of the
nanowires due to the relatively higher surface energy as
compared to that of the sidewalls. Here, Bi acting as a weak base
by having low positive pH accumulated more at the tip
compared to the sidewalls. Due to the excess incorporation of Bi
in the tip, it hindered the vertical growth along the (002) plane,
and the termination of nanowire growth upon excessive Bi-
doping led to the formation of Bi2O3.46 Table 1 summarizes
the atomic percentage of each element present in the prepared
samples.

Fig. 5 shows the XRD patterns of the pristine and Bi-doped
ZnO NWs samples. In Fig. 5(a), for the pristine ZnO, seven
major peaks are observed at 32.14�, 34.46�, 36.6�, 47.92�, 56.41�,
63.24� and 68.42�, which correspond to the diffraction from the
(100), (002), (101), (102), (110) (103), and (112) planes, respec-
tively, with lattice constants of a¼ b¼ 4.24 Å and c¼ 5.2066 Å.47

The main peak position at 34.46� reects the (002) plane, cor-
responding to the top hexagonal face. The (002) plane growth in
the (001) direction along the c-axis is preferential due to crystal
anisotropy, as discussed earlier, because hydrothermal
complexes react to form the hexagonal crystal structure of ZnO.
The narrow peak of (002) suggests the minimum full width at
half maximum (FWHM) or high crystallinity. The observation of
FWHM indicates the NWs are highly crystalline. The high
intensity of the (002) peak provides information on the domi-
nant reection from the top hexagonal face of the NWs, which
predominantly grew vertically along the c-axis with the hexag-
onal wurtzite structure. The obtained patterns are in good
agreement with the presence of the hexagonal wurtzite phase
crystal structure of ZnO (JCPDS # 01-075-1526). According to the
patterns, upon Bi-doping into the ZnO crystal lattice, no further
secondary phase and no signicant changes in the XRD
patterns are observed. In Fig. 5(b), it is remarkable that the
intensity of the ZnO NWs is increased when the Bi-doping
concentration increased from 1 to 3%. The relatively narrow
and highest intensity peak of Bi–ZnO-3% as compared to the
pristine ZnO and Bi–ZnO-1% samples indicate that Bi-doping
increased the crystallinity of the ZnO NWs. While upon
doping with Bi at 5%, the decrease in the intensity implies the
slender loss of crystallinity caused by the distortion of the
lattice. Bi-doping into the periodic lattice of ZnO tended to
produce a small amount of strain, and consequently led to
crystal regularity modication. This strain is a measure of the
23304 | RSC Adv., 2020, 10, 23297–23311 This journal is © The Royal Society of Chemistry 2020
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Table 2 Structural parameters of the pristine and Bi-doped ZnO NWs

Sample
2q
Position (�) FWHM (b)

Crystalline
size (nm)

(hkl)
Values Strain (3)

Pristine ZnO 34.78 0.211 39.27 002 0.0029
Bi:ZnO-1% 34.75 0.190 43.75 002 0.0026
Bi:ZnO-3% 34.67 0.189 43.90 002 0.0026
Bi:ZnO-5% 34.66 0.197 42.15 002 0.0028

Fig. 6 XPS characterization of the Zn element for (a) pristine ZnO, (b) B
Bi:ZnO-1%, and (f) Bi:ZnO-1%.

This journal is © The Royal Society of Chemistry 2020
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distortion of the lattice constants arising from crystal imper-
fections, especially lattice dislocation.

Nevertheless, careful interpretation of Fig. 5(c) indicates that
the (002) peak position shied towards a lower angle as the Bi-
doping concentration increased from 1 to 5%. Specically, the
le shi in (002) peak at 34.46� can be attributed to the differ-
ence in the atomic radii of the host and dopant, and as a result,
the Zn2+ ions were substituted by Bi3+ ions. Alternatively, it is
i:ZnO-1%, and (c) Bi:ZnO-1% and O elements for (d) pristine ZnO, (e)

RSC Adv., 2020, 10, 23297–23311 | 23305
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probably due to the high amount of oxygen-related defects in
the ZnO NWs, in particular oxygen interstitials.48 In the case of
Zn2+ being replaced by Bi3+ ions, p-type ZnO was produced with
the condition that the Bi atoms merged with the substitutional
oxygen sites. The merging of the Bi atoms and substitutional
oxygen sites resulted in the formation of BiO acceptor defects.49

The calculated structural parameters including shi position,
FWHM (b), crystalline size, Miller indices and lattice strain (3)
for the pristine and Bi-doped samples are presented in Table 2
based on Fig. 5. The crystal size and lattice strain estimation can
be derived using the Debye Scherrer approach44 and 3 ¼
(b cos q)/4,50 respectively. The average grain size for the pristine
and Bi-doped ZnO NWs ranged from 39 to 43 nm. It was
observed that as the Bi-doping increased, the lattice strain in
the crystal structure decreased. Briey, the Bi ions doped into
the pristine ZnO lattice as substitution ions to replace Zn,
forming either Bi2O3 or Bi-related oxides, and consequently
polycrystalline ZnO at the top surface and sidewalls. Bi2O3 was
formed between the grain boundaries, which eventually
increased the lattice spacing. Nonetheless, the Bi2O3 peak was
not found in the XRD patterns owing to the relatively low Bi
content, which was less than 5%, as shown in the EDS charac-
terizations in Fig. 2. The characterization of an individual
nanowire using HRTEM showed its high-quality single-crystal
structure in the (001) growth direction. This nding is consis-
tent with the XRD patterns in Fig. 5.
X-ray photoelectron spectroscopy studies

The XPS narrow scan spectra of the pristine and Bi-doped ZnO
are shown in Fig. 6. The survey scan spectra in ESI Fig. S5†
indicates the presence of Zn, O, Bi, N, Na, Ca, and C. The 1s
peak of C acts as a reference point, appearing in the back-
ground. In Fig. 6(a), a strong spin–orbit coupling can be
observed. The Zn (2p) signal splits into two symmetrical peaks
at the binding energies of 1021.75 and 1044.75 eV with the spin–
orbit doublet splitting of 23 eV. The symmetrical peaks can be
assigned to Zn2+ 2p3/2 and Zn2+ 2p1/2, respectively,
Fig. 7 XPS characterization of (a) Bi:ZnO-1% and (b) Bi:ZnO-3% for Bi e

23306 | RSC Adv., 2020, 10, 23297–23311
corresponding to Zn2+ bound to oxygen in the ZnO matrix.51

Meanwhile, Fig. 6(b) shows that the binding energy of the Zn
(2p) peak increased to 1021.93 and 1044.93 eV, respectively, for
Bi-doping at 1% concentration in the ZnO NWs. By increasing
the Bi-doping concentration up to 3%, the Zn (2p) peak binding
energies decreased to 1021.65 and 1044.65 eV, respectively, as
can be seen in Fig. 6(c). The O 1s peak for the pristine ZnO NWs
in Fig. 6(d) shows that the asymmetric prole can be tted into
two symmetrical peaks at 530.43 and 531.69 eV, indicating the
presence of two different types of oxide-related species in the
sample. The oxygen peak at 530.43 eV is the lowest binding
energy (OL

2�) in the O1s spectrum, which can be attributed to
the O2� ions in the hexagonal structure of ZnO lattice sur-
rounded by zinc atoms. In contrast, the peak at 531.69 eV is the
intermediate binding energy peak (Ov) peak, which may be
associated with O2� ions in the oxygen decient regions within
the matrix of ZnO. In Fig. 6(e), with Bi-doping at 1% concen-
tration in ZnO, two new peaks are observed in the prole of O1s,
a very small peak at 528.91 eV could be correlated to Bi2O3.
Another signicant peak known as the higher binding energy
peak (OOH) appeared at 532.51 eV, which corresponds to the
absorbed hydroxyl groups (–OH) on the surface, preferable at
the oxygen vacancy sites of the NWs.52 A similar trend in the
peaks was also observed for Bi:ZnO-3%, as shown in Fig. 6(f).
Interestingly, when the Bi-doping concentration was increased
to 5%, the intensity of the small peak at 529.06 eV increased, as
shown in ESI Fig. S6-ii.†

Fig. 7(a) shows the Bi spectrum for Bi-doped at a concentra-
tion of 1% in the ZnO sample, where the peaks at the binding
energy of 157.71 and 163.28 eV with a typical spin–orbit doublet
splitting of 5.57 eV correspond to the binding energy of Bi 4f7/2
and Bi 4f5/2, respectively, and well-matched with Bi–metal
peaks.53 While the peaks at the binding energy of 159.40 eV and
164.70 eV with the spin–orbit doublet splitting of 5.3 eV can be
ascribed to the binding energy of Bi 4f7/2 and Bi 4f5/2, respectively,
and these peaks match well with the Bi oxide peaks. The overall
shi in the peaks of Zn (2p) and O 1s corresponds to the strain
from compound replacement of Zn2+ with Bi owing to the effect
lement.

This journal is © The Royal Society of Chemistry 2020
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of ionic radii. It should be noted that the presence of Bi2O3 is
likely to be determined in the XPS analysis rather than the strain
effect caused by some Zn-related ions since Bi3+ (1.03 Å) has
a higher ionic radius than that of Zn2+ (0.74 Å). This may be the
main reason for the formation of Bi2O3, which was detected in
the XPS scan for the Bi-doped samples. Similar behaviour has
been observed when Sr2+ (1.18 Å) and Ba2+ (1.35 Å) were doped in
ZnO, which tended to form SrCo3 and BaCo3 carbonates,
respectively.48 When the Bi-doping concentration increased from
1 to 3% as shown in Fig. 7(b), the le peak of the Bi 4f peaks
(metal) shied to a higher binding energy from 157.71 to
157.98 eV, while the other peak remained at 163.28 eV. On the
contrary, further doping of 5% Bi, the Bi–metal peak intensities
decreased, as shown in ESI Fig. S6,† while, in Fig. 7(b), the Bi 4f
peaks (Bi2O3) at 159.40 and 164.70 eV are dominant, implying
that Bi2O3 started to form in the ZnO lattice structure. The
secondary oxide phase does not have any unpaired electrons and
it has a zero net spin diamagnetic, resulting in the disadvantage
of a reduction in the magnetic ux density of the host material.54

During the doping process, a high energy blue shi was observed
for Bi 4f7/2 and Bi 4f5/2, indicating the strong interaction between
Bi and ZnO, followed by the incorporation of Bi into the ZnO
lattice. Thus, considering the abovementioned drawback, we
opted to focus on 1% concentration of Bi-doped ZnO samples,
and it is reasonable to assume 1% doping as the threshold
because of the appearance of the oxide phase at a higher
concentration in the obtained XPS spectrum.
Optical studies

Fig. 8 shows the UV-Vis spectra of the pristine and Bi-doped ZnO
NWs in the range of 300–800 nm. In Fig. 8(a), for the pristine
ZnO NWs, a strong absorbance can be observed in the vicinity of
370 nm (3.35 eV), whereas no signicant absorption is observed
in the visible region for all the pristine and Bi-doped ZnO NWs
samples. The probable explanation for this is the large
Fig. 8 (a) UV-Vis analysis of the absorption spectra, and (b) Tauc plot fo

This journal is © The Royal Society of Chemistry 2020
absorption of incident photon energy by the electrons in the
valence states present in the low energy state. In this case, the
excited electrons gained sufficient energy to transfer to higher
energy states. The strong absorption peaks observed at 370, 380,
375, and 377 nm correspond to the optical bandgap of 3.35,
3.26, 3.30, and 3.28 eV for the pristine, 1, 3, and 5%-doped ZnO
NWs samples, respectively, implying a red shi, i.e., to a higher
wavelength. The optical bandgap was determined using the
Tauc equation, as reported elsewhere.45 A red shi is observed
when Bi-doping creates allowed energy states within the
bandgap and tends to reduce the optical bandgap of ZnO NWs.
The reduction in optical bandgap for the Bi:ZnO samples at 1, 3
and 5% may be affected by the sp–d exchange interaction
between the localized d-electrons and band electrons of the Bi
ions during the incorporation of the Bi ions into the ZnO
lattice.55 As mentioned previously, the Bi-doped ZnO nano-
structures show p-type behaviour and the pristine ZnO NWs
exhibit n-type properties. According to the knowledge on optical
properties, the intrinsic donors in ZnO exist in the form of
interstitial zinc atoms and undesired dopants. Therefore, the
holes produced by the acceptors were compensated by the
native imperfections of ZnO and hindered the p-type doping.
Another p-type doping explanation may be the merging of the
cationic atoms and substitutional oxygen sites, forming
acceptor defects.49 However, the assumption of p-type doping is
still a debate. Fig. 8(b) shows the Tauc plots for the optical
bandgap (Eg) of the pristine and Bi-doped ZnO NWs.

Fig. 9 shows the tted PL spectra of the pristine and Bi-doped
ZnO NWs in the range of 300–900 nm. Fig. 9(a) shows the
enlarged UV emission behavior in the 381–393 nm region. In
the tted spectra in Fig. 9(b–e), two obvious PL regions can be
observed for the pure and Bi-doped ZnO samples. The rst
region corresponds to the UV emission band in the range of
381–393 nm, as presented in Fig. 9(a), which shows the spectra
in the range of 360–420 nm, and the other is from 450–780 nm
r the pristine and Bi-doped samples.

RSC Adv., 2020, 10, 23297–23311 | 23307
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Fig. 9 PL analysis of (a) pristine and Bi-doped ZnO NWs in the range of 360–420 nm, and (b) pristine ZnO, (c) Bi:ZnO-1%, (d) Bi:ZnO-3%, and (e)
Bi:ZnO-5% in the range of 320–880 nm.
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in the visible spectrum region. The UV emission peak is
ascribed to the excitonic emission from the near-band-edge
transition of the wide bandgap of ZnO during the recombina-
tion of free excitons through an exciton–exciton process.56 The
origin of the broad visible emission band in the range of 450–
780 nm is attributed to the tunneling of surface-bound elec-
trons through pre-existing trapped holes formed by surface
anion vacancies, oxygen vacancies, or oxygen-related interface
or surface states.57 The signature of the excitonic band was
observed at 381 nm for the pure ZnO NWs. However, upon
23308 | RSC Adv., 2020, 10, 23297–23311
doping with Bi at different concentrations (1, 3, and 5%), this
peak red-shied to 382, 384.6, and 393 nm, respectively. The
bandgap based on the PL spectra for the pure, 1, 3, and 5% Bi-
doped ZnO NWs was estimated to be 3.25, 3.24, 3.22, and
3.15 eV, respectively. The estimated bandgaps using the PL
method are slightly lower than that from UV-Vis estimation in
Fig. 8. This minor uncertainty in both measurements is ex-
pected since a lower intensity xenon source was used in the UV-
Vis measurements. In addition, the laser source in the PL
system emitted higher energy wavelengths to separate all the
This journal is © The Royal Society of Chemistry 2020
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transitions, which occurs at the atomic scale. It is interesting to
note that the magnetism in ZnO is commonly attributed to
defects, either intrinsic especially oxygen vacancies or doping-
induced defects. Nevertheless, according to the PL studies, as
shown in Fig. 9, the strong increase in emission in the visible
region when the Bi concentration increased beyond 1% can be
ascribed to the increase in defect density with an increase in Bi-
doping concentration; however, the magnetism decreased. It is
also noticeable that the number of defect-related peaks in the
pure ZnO is higher than that for the doped sample. Even though
the intensity of the emission is larger for the doped sample in
the visible region, the increase in intensity in the visible region
aer doping is plausible due to the formation of Bi2O3, not
defects. This assumption of the formation of bismuth oxide was
further proven by XPS studies, as shown in Fig. S6.† Therefore,
Bi-doping does not appear to increase the concentration of
oxygen defects, but introducing Bi in the crystal may result in
doping in already available oxygen vacancies (ZnBixO1�x) and
produces bismuth oxide at a higher doping concentration.
Fig. 10 SQUID plots at 300 K (close squares) and 4 K (closed circles)
for (a) pristine ZnO, (b) Bi:ZnO-1%, and (c) Bi:ZnO-3% NWs.
Magnetic properties

Fig. 10 shows the magnetization curves of the pristine and Bi-
doped ZnO NWs samples measured at 300 and 4 K at 60 kOe
using a super conducting quantum interference device.
Fig. 10(a) shows the magnetization versus magnetic eld (M–H)
curve for the pristine ZnO samples. The sample at 300 K has
saturation magnetization (Ms) at 1 kOe while it has an Ms value
of 5 kOe at 4 K. In Fig. 10(b), for the Bi:ZnO-1% sample, at 300
and 4 K it has an Ms value of 5 and 1.5 kOe, respectively. It is
noticeable that by doping Bi, the saturation magnetization of
the sample at low temperature was signicantly reduced.
However, when the Bi-doping concentration increased to 3%, as
seen in Fig. 10(c), the sample showed a poor magnetic response
due to the appearance of Bi2O3 in the crystal lattice of ZnO,
which was conrmed by the XPS analysis in Fig. 7(b). The
previous reports on sputtered and pristine ZnO thin lms show
diamagnetic behaviour,58,59 but contradict our nding that the
pristine ZnO NWs show ferromagnetic behaviour. This is
understandable since NWs have a large surface to volume ratio
and relatively more surface defects, hence ferromagnetic
behaviour, unlike thin lms. The nature of this ferromagnetic
behaviour is unstable due to the on-going oxidation process on
the surface of the NWs.

The high surface to volume ratio and intrinsic defects in ZnO
nanostructures generate a large number of uncompensated
surface spins and gives rise to long-range ferromagnetic order.60

The ferromagnetism behaviour of the pristine ZnO NWs is
controlled by the residual ferromagnetic impurities, which exist
in the form of Zn interstitials and O vacancies. When the ZnO
samples were doped with different Bi concentrations, the
magnetic moment per Bi atom increased with an increase in Bi
concentration. Due to the increase in the magnetic moment of
the Bi atoms, the distance between the dopant and the neigh-
bouring O atoms generally decreases and exchange coupling
becomes stronger. There have been reports about ZnO doping
with Bi,1,61,62 which indicate that doping will introduce acceptor
This journal is © The Royal Society of Chemistry 2020
levels in the bandgap, turning ZnO into p-type.63 The narrowing
of the bandgap observed in the Bi-doped ZnO samples in this
work is also reected in the UV-Visible absorption spectra, as
RSC Adv., 2020, 10, 23297–23311 | 23309
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shown in Fig. 8, corresponding to the introduction of acceptor
levels near the valence band. Bismuth being pentavalent will be
incorporated in the O site as an anion and introduce acceptor
levels, thus introducing holes in the crystal. Moreover, Bi([Xe]
4f145d106s26p3), Zn([Ar]3d104s2) and O([He]2s22p4) have ionic
radii of 0.11 nm, 0.074 nm, and 0.140 nm, respectively, and
thus, most likely the Bi will be incorporated in the O sites with
a large ionic radii.64 Doping of Bi will introduce acceptor levels
due to its p-orbital, and hence free holes in the crystal. The free
carriers in the localized orbitals are responsible for the itinerant
magnetism inmetals. The Bi p-orbital is relatively localized, and
therefore gives rise to p–p coupling. Therefore, the free holes
and the p–p orbital coupling between the host and Bi dopant are
responsible for the enhanced ferromagnetic behaviour. This
ferromagnetic behaviour observed in the Bi-doped ZnO NWs
shows that the p–p interaction in the anion-doped DMS has
a long-range characteristic.

The temperature vs. magnetization (M–T) properties of the
pristine ZnO, 1 and 3%-doped samples are shown in ESI
Fig. S7.† The higher temperature diamagnetic contribution and
paramagnetic contribution was subtracted from the data. In
Fig. S7,† it is obvious that there is no magnetic phase transition
in the temperature range of 20 to 300 K even though in the
pristine sample the magnetization seemed to decrease near
250 K, but in the case of the 1 and 3%-doped samples it
remained essentially constant in the whole temperature range.
Moreover, compared with the pristine and 3%-doped samples
the magnetization in the 1%-doped sample was higher in the
entire temperature range, which is considerably expected from
the M–H curves, as shown in Fig. 10. All the samples remained
ferromagnetic until room temperature and even higher. It was
observed that these materials have a Curie temperature much
higher than room temperature. This suggests that Bi-doped
ZnO nanowires can be integrated into next-generation room
temperature-operated spintronic-based switching devices.

Conclusions

In conclusion, our proposed hydrothermal method is novel,
inexpensive, and promising to prepare highly crystalline Bi-
doped ZnO NWs at low temperature without the requirement
of a costly vacuum environment. The electronic and magnetic
properties of the anion-doped DMS are associated with the
localized p-orbital and free carriers introduced in the system by
the doping approach. The presence of Bi atoms doped in the
ZnO crystal lattice was veried by FESEM, TEM, and XPS char-
acterizations. Then, UV-Vis analysis and PL spectral measure-
ment demonstrated that the optical bandgap decreased with an
increase in Bi concentration. The XRD results showed the same
ndings as the TEM analysis of the formation of highly crys-
talline hexagonal ZnO samples in the absence and presence of
Bi-doping. The SQUID measurements showed that the Bi 1%-
doped sample showed improved saturation magnetization
compared to the pristine ZnO sample. The origin of the ferro-
magnetism in the Bi-doped ZnO samples is believed to be
caused by the p–p coupling interaction among the zinc,
bismuth, and oxygen atoms. The induced stable
23310 | RSC Adv., 2020, 10, 23297–23311
ferromagnetism behaviour by the dopant is highly dependent
on the spin–orbit coupling and p–p interaction. Since satura-
tion magnetization can be achieved at low applied magnetic
elds for the Bi-doped samples, they are benecial for fast
switching spin-FETs devices since their high crystallinity will
ensure high mobility and ultimately speedy spintronics devices.
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40 M. Aras, S. Güler-Klllç and Ç. Klllç, Phys. Rev. B, 2017, 95, 1–8.
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