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A tunable bandgap without doping is highly desirable for applications in optoelectronic devices. Herein, we
develop a new method which can tune the bandgap without any doping. In the present research, the
bandgap of Fe,Os nanostructured films is simply tuned by changing the synthesis temperature. The
Fe,Os nanostructured films are synthesized on ITO/glass substrates at temperatures of 1100, 1150, 1200,
and 1250 °C using the hot filament metal oxide vapor deposition (HFMOVD) and thermal oxidation
techniques. The Fe,Os nanostructured films contain two mixtures of Fe?* and Fe®* cations and two
trigonal () and cubic (y) phases. The increase of the Fe?* cations and cubic (y) phase with the elevated
synthesis temperatures lifted the valence band edge, indicating a reduction in the bandgap. The linear
bandgap reduction of 0.55 eV without any doping makes the Fe,Osz nanostructured films promising
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Introduction

The bandgap is a fundamental parameter when selecting
a material for various electronic and optoelectronic device
applications as it governs the electronic transport and light-
matter interaction properties. In the current research on opto-
electronic materials, it is highly desirable to be able to tune the
bandgap for developing highly efficient solar cells'® or
enhancing the performance of LEDs and photodetectors.*® To
achieve the desired bandgap for specific applications, doping
has been considered as an effective method to tune the bandgap
of semiconductors because it can form localized states in the
bandgap;”° however, the intrinsic optical and electrical prop-
erties of host materials can be affected.'®™ Recently, some
promising methods have been developed for tuning the
bandgap of semiconducting materials without doping, such as
strain engineering,>** thickness control,"* and synthesis
temperature control."»'® Bandgap tuning without any doping
will be a very powerful advantage for applications in bandgap
engineering and optoelectronic devices. The bandgap tuning
possibility of semiconductors can be classified into three types.
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materials for applications in bandgap engineering, optoelectronic devices, and energy storage devices.

In the first type of bandgap tuning, the highest energy level of
the valence band (VB) does not change, while the lowest energy
level of the conduction band (CB) is lowered. In the second type
of bandgap tuning, the highest energy level of the VB is lifted,
while the lowest energy level of the CB remains unchanged. The
highest energy level of the VB and lowest energy level of the CB
are raised and lowered, respectively, in the third type of
bandgap tuning. The schematic illustration in Fig. 1 shows the
three types of bandgap tuning. The bandgaps before and after
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Fig. 1 Types of bandgap tuning. Bandgap before and after tuning for
(a) direct and (b) indirect bandgap semiconductors. The bandgap
tuning possibility can be classified into three types: (1) the highest
levels of the VB remain, while the lowest levels of the CB are lowered;
(2) the highest levels of the VB are raised, while the lowest levels of the
CB remain unchanged; (3) the highest levels of the VB and the lowest
level of the CB are raised and lowered, respectively.
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tuning of the direct and indirect bandgap semiconductors are
shown in Fig. 1a and b, respectively.

Metal oxides with a wide bandgap are excellent candidates
for use in optoelectronic devices.'”*®* Among the numerous
metal oxides, iron oxide is an interesting material due to its
multiple oxidation states and stability of crystal phases, such as
FeO,’2 Fe,0,,22 Fe,00,” 0-Fe,05,2%% B-Fe,0;,2%% and 7-
Fe,03.”**° Iron oxide is widely used in a wide range of applica-
tions in nanodevices due to its unique properties, such as water
splitting,****>%® supercapacitors,®* lithium-ion batteries,**3®
catalysts,>*° photodetectors,* and gas sensors.** In our
proposed approach, we synthesized Fe,O; nanostructured films
on ITO/glass substrates at various synthesis temperatures. The
results show that Fe,O; nanostructured films contain two
mixtures of Fe>" and Fe*" cations and two trigonal () and cubic
(Y) phases. The increase of the Fe®" cations and cubic (y) phase
in Fe,O; nanostructured films with the elevated synthesis
temperatures plays a critical role in tuning the bandgap of the
Fe,O; nanostructured films. The linear reduction in the
bandgap from 1.65 to 1.10 eV without any doping of Fe,O;
nanostructured films provides a uniquely controllable route
and makes it a promising candidate for applications in bandgap
engineering, optoelectronic devices, and energy storage devices.

Experimental section
Synthesis of Fe,O; nanostructured films

A larger area of FeO, nanostructures was synthesized on ITO/
glass (p ~ 8 Q sq~') substrates using the HFMOVD technique.
The HFMOVD technique is an important deposition method
that allows the controllable synthesis of 1D metal-oxide nano-
structures with different forms.******® By only control of the
synthesis temperature, the metals with multiple oxidation
states can form the non-stoichiometric metal oxide nano-
structures, which contain the phase combination and cation
mixture.*>* This leads to a change in the bandgap of the metal
oxide nanostructures without any doping with other metals,
suggesting that the HFMOVD technique is suitable for bandgap
engineering. Clean pure Fe wires (99.9%) with a diameter of
~1 mm were fixed between two copper (Cu) electrodes in the
chamber. After the pressure of the vacuum chamber was pum-
ped down and maintained at 0.3 Torr, the Fe wires were heated
to 1100, 1150, 1200, and 1250 °C for 30 min to sublimate hot Fe
vapor. The residual oxygen in the chamber reacted with the hot
Fe vapor to form iron oxide vapor. The iron oxide vapor
immediately condensed to form Fe;O, and metallic Fe nano-
structures on the ITO/glass substrate, which was placed at
a distance of ~4 mm above the Fe wire. The Fe;0, and metallic
Fe nanostructures were then annealed and oxidized to produce
Fe,0O; nanostructured films in a controlled O, atmosphere of
~500 Torr at a temperature of 500 °C for 4 hours in a quartz
tube furnace.

Characterization of the Fe,0; nanostructured films

The morphological features of the Fe,O; nanostructured films
were observed using a field emission scanning electron
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microscope (FESEM, JEOL JSM-6500F). The crystalline phase of
the Fe,O; nanostructured films was confirmed using an X-ray
diffractometer (XRD, PANalytical X'Pert PRO). Crystalline anal-
ysis of the Fe,O; nanostructured films was performed using
a transmission electron microscope (TEM, JEOL JEM-2100) at
an accelerating voltage of 200 kV. The simulated electron
diffraction patterns were recorded using crystallographic soft-
ware (Carine Crystallography version 3.1). The electronic
structures and quantitative elemental information of the Fe,O3
nanostructured films were examined using an X-ray photoelec-
tron spectrometer (XPS, Thermo Scientific Inc., K-alpha) with
a microfocus monochromatic Al Ko X-ray source. The optical
transmittance and absorbance of the Fe,O; nanostructured
films were studied using a spectrophotometer (Ocean Optics
DH-2000-BAL) with an ITO/glass substrate as a reference.

Results and discussion

The FESEM images in Fig. 2a-d show the side views of the large-
area arrays of the Fe,O; nanostructured films synthesized at
various temperatures. The Fe,O3; nanostructured films are
produced by the thermal oxidation of Fe;O, and metallic Fe
nanostructures, which are synthesized at temperatures of 1100,
1150, 1200, and 1250 °C. For convenience, the Fe,O; nano-
structured films synthesized at the various temperatures are
denoted as Fe,O3; nanostructured films@1100, 1150, 1200, and
1250 °C, respectively. Clearly, the sample@1100 °C is just the
thin film, while the samples@1150, 1200, and 1250 °C not only
possess thick buffer layers but also nanofibers and nanosheets,
which are grown on the buffer layers, as shown in Fig. S1 (ESIT).
The nanofibers and nanosheets are only formed on the
samples@1150, 1200, and 1250 °C. This can be attributed to the
presence of metallic iron in these samples before annealing.
The existence of metallic iron has been confirmed by the XRD
patterns, as shown in Fig. S2 (ESI{). During thermal oxidation,
metallic iron reacts with the oxygen gas to increase the
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Fig. 2 Surface morphology. (a—d) FESEM images showing the side
view of the Fe,Os nanostructured films@1100, 1150, 1200, and
1250 °C. The average thickness of the Fe,Os3 thin film increases from
~116 to ~3319 nm with the elevated synthesis temperatures.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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thickness of the Fe,O; buffer layer as well as forming the Fe,O5
nanofibers and sheets. The average thickness of the Fe,O;
buffer layers increases from ~116 to ~3319 nm with elevated
synthesis temperatures.

The crystalline phase of the Fe,O; nanostructured films is
analyzed by XRD and HRTEM measurements, and the results
are shown in Fig. 3. The XRD patterns of ITO coated on the glass
substrate and Fe,O; nanostructured films@1100, 1150, 1200,
and 1250 °C are displayed in Fig. 3a. For the Fe,O; nano-
structured films@1150, 1200, and 1250 °C, all the diffraction
peaks reveal that the Fe,O; nanostructured films contain two
crystals together, which are the trigonal («) phase and the cubic
(v) phase. Meanwhile, the observed diffraction pattern of the
Fe,0O; thin film@1100 °C corresponds to all diffraction peaks of
the trigonal (o) phase. The trigonal (&) crystal structure
possesses a space group of R3¢ with lattice constants of a = b =
0.5021 nm, ¢ = 1.372 nm, &« = § = 90° and y = 120° (ICSD
201097), while the cubic (y) crystal structure has a space group
of P4,32 with lattice constants of a = b = ¢ =0.8346 nm and o =
B =y =90° (ICSD 87119). According to the Rietveld refinement
results, the crystal composition percentage of the cubic (y)
phase increases linearly from 0 to ~23.7% with the elevated
synthesis temperatures, as shown in Fig. S3 (ESI{). The trigonal
(o) and cubic (y) phases of the Fe,O; nanostructured films have
also been confirmed by TEM images. Fig. 3b-j show the single
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nanosheet and nanowire, high-resolution TEM (HRTEM)
images, the selected area electron diffraction (SAED) patterns,
and the simulated electron diffraction (SED) patterns of the
Fe,0; nanostructured films@1250 °C. Fig. 3b-d show the low-
and high-resolution TEM images, and the SAED patterns of the
2D Fe,0;3 nanosheets. The only interplanar atomic spacing of
0.25 nm is found in the HRTEM in Fig. 3c, which is indexed to
the (110) plane in the trigonal (o) phase. The SED patterns with
a[001] zone axis in Fig. 3k are consistent with the SAED pattern
in Fig. 3d, indicating that the 2D Fe,O; nanosheets possess only
the trigonal («) phase. Fig. 3e-g show the low- and high-
resolution TEM images, and the SAED patterns of the 1D
Fe,0; nanofibers. The HRTEM in Fig. 3f reveals that the 1D
Fe,0; nanofibers contain both trigonal (o) and cubic (y) phases.
The interplanar atomic spacings of 0.25 and 0.37 nm corre-
spond to the (110) and (012) planes in the trigonal («) phase,
while the interplanar atomic spacings of 0.25 and 0.29 nm are
consistent with the (113) and (022) planes in the cubic (y) phase.
Fig. 3h and i show the SED patterns for the trigonal (o) and
cubic (y) phases with the [221] and [211] zone axes, respectively.
When the two SED patterns are completely overlapped, as
shown in Fig. 3j, the superposed SED patterns match well with
the SAED pattern in Fig. 3g, confirming that the 1D Fe,O;
nanofibers consist of the two trigonal (o) and cubic (y) phases.
Similar to 2D Fe,O; nanosheets, the 2D Fe,O; thin
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az0)  orO11)
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Fig. 3 Crystal structure determination. (a) XRD spectra of the ITO/glass substrates and the Fe,Oz nanostructured films@1100, 1150, 1200, and
1250 °C. Fe,O3 nanostructured films contain two crystal structures of the trigonal (o) phase and cubic (y) phase. (b—g) Single nanosheet, single
nanowire, HRTEM, and SAED patterns of the Fe,O3z nanostructured films@1250 °C. (h—k) Simulated electron diffraction patterns of trigonal ()
and cubic (y) phases with various zone axes. TEM results confirm the existence of the cubic (y) phase in nanofibers.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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film@1100 °C contains only the trigonal () phase with an
interplanar atomic spacing of 0.25 nm, which corresponds to
the (110) plane. The low- and high-resolution TEM images and
the SAED patterns of the 2D Fe,O; thin film@1100 °C are shown
in Fig. S4 (ESIt). The XRD and TEM results indicate that the
cubic (y) phase is only formed at temperatures higher than
1100 °C.

The chemical compositions and electronic structures of the
Fe,O; nanostructured films were further identified by X-ray
photoelectron spectroscopy (XPS). The XPS spectra for Fe,O;
nanostructured films@1100, 1150, 1200, and 1250 °C are shown
in Fig. 4a—e. All the XPS spectra of the Fe-2p core-level in Fig. 4a—
d are decomposed further into four peaks at binding energies of
~709.67, ~722.90, ~710.57, and ~724.14 eV, assigned to Fe>*
2Ds/2, Fe** 2pyj, Fe*" 2psp,, and Fe*' 2py),, respectively. In
addition to the double peaks of Fe 2p;/, and Fe 2p,,,, the XPS
spectra show the presence of two satellite (S; and S,) and two
surface (Sp; and Sp,) peaks. The binding energies of the Fe-2p
core-level agreed well with the previous reports.**~** Obviously,
the Fe,O; nanostructured films@1100, 1150, 1200, and 1250 °C
contain two Fe*" and Fe*" cations. According to quantitative XPS
results, the amount of Fe®* cations increases linearly from
~6.11 to ~13.5% with the elevated synthesis temperatures, as
shown in Fig. 4e. In addition, the increase of Fe** cations is also
confirmed using the energy-dispersive X-ray spectroscopy (EDS)
line profile, as shown in Fig. S5 (ESI{). The Fe/O ratio increases
linearly with increasing distance, indicating that the closer we
get to the interface between the Fe,O; film and ITO substrate,
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the higher the amount of Fe** cations. The combination of the
trigonal (o) and cubic (y) phases and the two mixtures of the
Fe®" and Fe®" cations may cause impacts on the bandgap of the
Fe,0; nanostructured films. Fig. 4f shows the photo-
luminescence (PL) spectra of the Fe,O; nanostructured
films@1100, 1150, 1200, and 1250 °C. All the PL spectra were
recorded in the wavelength range from 300 to 1000 nm.
However, no PL peaks are observed in this region, indicating
that the Fe,O; nanostructured films have an indirect bandgap.

Optical spectroscopy was used to investigate the bandgap
reduction of the Fe,O; nanostructured films. Fig. 5 shows the
photographs, transmittance, and absorbance spectra, and the
bandgap of the Fe,O; nanostructured films@1100, 1150, 1200,
and 1250 °C on the ITO/glass substrates. The photographs in
Fig. 5a show the color of Fe,O; nanostructured films, which
changes from orange to deep red with elevated synthesis
temperatures. The change in color of Fe,O; nanostructured
films is expected to produce a variety of absorbance and trans-
mittance spectra. Fig. 5b and c show the transmittance and
absorbance spectra for the Fe,O; nanostructured films@1100,
1150, 1200, and 1250 °C in the wavelength range from 250 to
1000 nm. Clearly, the minimum transmittance for each spec-
trum is less than 1%, occurs at a wavelength of ~315 nm, and
extends to wavelengths of ~364, ~415, ~513, and ~610 nm for
the nanostructured films@1100, 1150, 1200, and 1250 °C,
respectively. As a result, the maximum absorbance for each
spectrum of the Fe,O; nanostructured films is increasingly
broadened and the absorbance edge shifts towards longer
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Fig. 4 Chemical and photoluminescence (PL) analysis. (a—d) XPS spectra of the Fe,O3z nanostructured films. All the XPS spectra consist of Fe2*
2p3/2, Fe3t 2pso, Fe 2py0, Fe®* 2pys, surface and satellite peaks. (e) The linear graphs show the increase of the Fe?* cations from ~6.11 to
~13.5% with the elevation of synthesis temperature, respectively. (f) PL spectra of the Fe,Oz nanostructured films@1100, 1150, 1200, and 1250 °C.
No PL peaks are observed in the range from 300 to 1000 nm, indicating that the Fe,Oz nanostructured films have an indirect bandgap.
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Fig.5 Bandgap properties. (a) Photographs of the Fe,O3z nanostructured films@1100, 1150, 1200, and 1250 °C on ITO/glass substrates. The color
of the Fe,Oz nanostructured films changes from orange to deep red with the elevation of synthesis temperature. (b) The transmittance and (c)
absorbance spectra of the Fe,O3 nanostructured films synthesized at various temperatures. (d) The linear graphs of (aehv)*? vs. hv for determining
the E4 of the Fe,O3 nanostructured films. (e) The graph shows the linear bandgap reduction of the Fe, O3z nanostructured films with the elevation

of synthesis temperature.

wavelengths with the elevated synthesis temperatures. The red-
shift of the absorbance edge is strongly related to the narrowing
of the bandgap in the Fe,O; nanostructured films. The indirect
bandgap (E,) of the Fe,O; nanostructured films can be deter-
mined using the Tauc equation ahv = A(hy — Eg)*,*
the absorption coefficient, 7 is Planck's constant, » is the
frequency of the incident light, and A is a constant. The
absorbance spectra in Fig. 5c were transformed into the Tauc
plot, as shown in Fig. 5d. Using the extrapolation method, the
value of the bandgap (E,) is determined as the intersection of
the fitting dotted straight lines and #v axis. Therefore, the
bandgaps of Fe,0; nanostructured films@1100, 1150, 1200, and
1250 °C are 1.65, 1.58, 1.34, and 1.10 eV, respectively. The graph
in Fig. 5e shows the temperature dependence of the bandgap of
Fe,0; nanostructured films. A linear fit between the bandgap
values versus synthesis temperature indicates that the bandgap
(Eg) of the Fe,O; nanostructured films reduces linearly with the
elevated synthesis temperatures. The linear bandgap reduction
of 0.55 eV is due to the gain in the Fe*" cations, the cubic (y)
phase in the Fe,O; nanostructured films, and the thickness of

where « is

© 2021 The Author(s). Published by the Royal Society of Chemistry

the Fe,O; nanostructured films. However, the influence of
thickness on the bandgap reduction of the Fe,O; nano-
structured films is only ~0.11 eV, as shown in Fig. S6-S9 (ESIT).
The influence of the ITO/glass substrate on the optical proper-
ties of the Fe,O; nanostructured films is also negligible (see
Fig. S10, ESIt). The phase combination and cation mixture
create structural disorder, leading to the formation of localized
states. To determine the structural disorder of the Fe,O;
nanostructured films, the Urbach energy (E,) was used for
investigation purposes (see Fig. S11, ESIT). The linear increase
of the E, from 0.288 to 0.594 eV indicates the increase of
localized states, leading to a significant bandgap reduction of
the Fe,O; nanostructured films. In addition, the bandgap
reduction due to gain in metal cations and phase mixing has
been demonstrated in previous studies."'® The bandgap
reduction of 0.55 eV of the Fe,O; nanostructured films is larger
than that of Sb-BivVO, films,*® Bi,S; colloidal nanocrystals,**
W;50,40 nanorods,” polydopamine/Ag;PO,/graphene oxide,*
and crystalline Sb,S;.>

Nanoscale Adv., 2021, 3, 5581-5588 | 5585
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Fig. 6 Valence-band-edge lifting. (a) The high-resolution valence-band (VB) XPS spectra of the Fe,Os nanostructured films@1100, 1150, 1200,
and 1250 °C. The binding energies of the VB edges are defined at the intersections of the dashed lines. (b) The graph shows the linear reduction of
the VB edge with the elevation of synthesis temperature, indicating that the VB edge is lifted at high synthesis temperatures. (c) A schematic
diagram shows the bandgap reduction of the Fe,O3z nanostructured films with the elevation of synthesis temperature. The characteristics of the
bandgap reduction in the Fe,Oz nanostructured films are consistent with the second type of bandgap tuning, as shown in Fig. 1b.

In order to further understand the reduction of bandgap in
Fe,0; nanostructured films, the valence band (VB) is also
investigated. Fig. 6a shows the VB XPS spectra of the Fe,0; film-
nanofibers. The VB edge is defined as the intersection of the two
dashed lines." The binding energies of the VB edge for Fe,0;
nanostructured films@1100, 1150, 1200, and 1250 °C are
located at 1.84, 1.60, 1.45, and 1.28 eV, respectively. Obviously,
the binding energy of the VB edge reduces linearly with the
elevated synthesis temperature, as shown in Fig. 6b. This means
that the VBs of the Fe,O; nanostructured films are lifted at the
elevated synthesis temperature. The VB edge lift of 0.56 eV is
completely matched with the reduction of bandgap in the Fe,0O;
nanostructured films, as mentioned above. The highest levels of
the VB are lifted, while the lowest levels of the CB are
unchanged. As a result, the bandgap of Fe,O; nanostructured
films reduces with the elevated synthesis temperatures, as
shown in the schematic illustration in Fig. 6¢c. The bandgap
characteristics of the Fe,O; nanostructured films are consistent
with the second type of bandgap tuning, as shown in Fig. 1b.
The reduction in the bandgap of Fe,O; nanostructured films is
only due to the gain in the Fe>" cations and the cubic (y) phase
composition. This suggests that the bandgap (E,) of the Fe,0;
nanostructured films can be tuned by controlling only the
synthesis temperature. The characteristics of bandgap tuning
without any doping make the Fe,O; nanostructured films
promising candidates for applications in bandgap engineering,
optoelectronic devices, and energy storage devices.
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The electrochemical charge storage properties of Fe,O;
nanostructured films@1100, 1150, 1200, and 1250 °C are
studied via cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) in 1 M KOH electrolyte. The CV
and EIS results are shown in Fig. S12 (ESIf). The 1D nanorods
produced at 1100 °C show the lowest specific capacitance value
of ~82 F g~ ' at a scan rate of 50 mV s~ ', while those produced at
1250 °C show the highest specific capacitance of ~352 F g~ at
a low scan rate of 5 mV s~ ". These specific capacitance values
are higher than those of Fe,O; thin film,* Fe,O; nanorods,*>*”
Fe,O; nanosheets,” Fe,O; nanoparticles,”” and nanoporous
Fe,03/CNT.*® This result makes Fe,O; film nanofibers a poten-
tial supercapacitor electrode material candidate.

Conclusion

In this study, Fe;O, and metallic Fe nanostructures were
synthesized on ITO/glass substrates using the HFMOVD tech-
nique at temperatures of 1100, 1150, 1200, and 1250 °C. The
Fe;0, and metallic Fe nanostructures were then fully oxidized
using the thermal oxidation technique, yielding Fe,O; nano-
structured films at 500 °C for 4 hours in a ~500 Torr O, atmo-
sphere. The formation of nanosheets and nanofibers can be
attributed to the presence of metallic iron in the samples that
were synthesized at temperatures of 1150, 1200, and 1250 °C.
The Fe,O; nanostructured films comprise two combinations of
the trigonal (o) and cubic (y) phases, and two mixtures of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fe*" and Fe®" cations. The crystal composition of the cubic (y)
phase and the amount of the Fe>" cations increase linearly from
0 to ~23.7% and ~6.11 to ~13.5% with the elevated synthesis
temperature, respectively, implying that the valence band will
gain more electrons and be lifted at higher synthesis tempera-
tures. Therefore, the phase combination and cation mixture
play a critical role in tuning the bandgap of the Fe,O; nano-
structured films. The linear bandgap reduction of 0.55 eV is only
controlled by the synthesis temperature without any doping,
indicating the potential of the Fe,O; nanostructured films for
applications in bandgap engineering, optoelectronic devices,
and energy storage devices.
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