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Alpha-Fe2O3 nanorods are synthesized through a hydrothermal method with no surfactant introduced and ethanol

sensors are fabricated from these nanorods. The device can respond to ethanol vapour in a concentration range from 1

to 1500 parts per million and shows both p-type and n-type responding characteristics during the investigation of the

ethanol sensing. The sensor displays a p-type characteristic when the ethanol concentration is low and converted into an

n-type characteristic as the concentration exceeds a certain value. Such a phenomenon is attributed to the chemisorbed

oxygen, which leads to different modifications of the energy band at the surface, namely, depletion layer or inversion

layer.
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1. Introduction

Nanomaterials have potential applications in
many fields due to their unique physical and chem-
ical properties.[1−4] Gas sensors are based on the
tuning of the electrical properties induced by gas
adsorption,[5,6] and they play important roles in
fields such as traffic safety, industry production,
process control and environment monitoring. Gas
sensors realised from oxides particle film,[7] porous
film[8] and polymer film[9] have been reported. Re-
cently, great interest has been focused on gas sensors
based on quasi one-dimensional nanostructures such
as nanowires, nanorods and nanobelts including ZnO,
SnO2, ZnSnO3, CuO/SnO2,[10−17] and so on. Gas
adsorption in certain surroundings evidently modifies
the energy band at the surface of nanosized materi-
als due to their large surface-volume-ratio. Such a
modification leads to a change of conductivity, which
can even induce transition from n-type conductivity to

p-type conductivity for materials with a certain band
structure.[18−21] The adsorption-controlled conductiv-
ity transition makes the device partly free from ele-
ment impurity, which facilitates applications of these
materials in the nanodevices. Nanorods or nanowires
of such a characteristic, with less grain boundaries
and more convenience in assembly, may have poten-
tial applications in electronic intrigue. Alpha-Fe2O3

(α-Fe2O3) is the most stable iron oxide with easy col-
lection and good resistance to corrosion, which can
meet the demands for stability and low cost of nan-
odevices. Generally, α-Fe2O3 is n-type semiconduc-
tor in bulk state with a band gap of about 2.1 eV[22]

and controlled doping is easy to carry out due to its
band structure.[23] In addition, their applications in
gas sensing and the adsorption-controlled conductiv-
ity are worthy of further research.

In this article, α-Fe2O3 nanorods are synthesized
through a hydrothermal method. Gas sensors are fab-
ricated from these Fe2O3 nanorods and their responses
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to ethanol are investigated. As the ethanol concentra-
tion varies from 1 to 1500 parts per million (ppm), the
electrical properties of the nanorods transits from p-
type sensing characteristics to n-type characteristics.
Below the transiting point, the sensor resistance turns
bigger when exposed to ethanol vapour. Above the
transiting point, the sensor resistance decreases when
ethanol concentration increases. Such a phenomenon
is attributed to the modification to the band structure
of α-Fe2O3 nanorods induced by oxygen adsorption.

2. Experimental details

The α-Fe2O3 nanorods were synthesized through
an improved hydrothermal method free from surfac-
tant. 1–10 g iron chloride (FeCl3·6H2O) of analyt-
ical grade was dissolved into 40 ml distilled water.
Dark yellow homogeneous solution was obtained in
30 min stirring. Then the solution was transferred
into Teflon-lined stainless steel autoclave with a vol-
ume capacity of 50 ml. After being kept in the oven
at 120 ◦C for 12 h, the autoclave was cooled down
to room temperature naturally. During the reaction,
[Fe(H2O)6]3+ was hydrolyzed to form β-FeOOH pre-
cursor and then the precursor changed into α-Fe2O3

via the dissolution/reprecipitation mechanism.[24,25]

The yellow collection was washed with distilled wa-
ter and absolute ethanol for several times to remove
the remains of Fe3+ and Cl− ions. Then morphology
and crystalline structure of the as-prepared sample
were analysed by scanning electron microscope (SEM:
JEOL-JSM-4200F) and transmission electron micro-
scope (TEM: Tecnai F20) and x-ray powder diffraction
(XRD: D/max 2550 V, Cu Kα radiation) respectively.

3. Results and discussion

Crystal structures and phases of the products
were determined from the XRD pattern. Figure 1
shows the XRD pattern of the as-prepared product.
All the diffraction peaks are indexed to the α-Fe2O3

with lattice constants of a = 5.032 Å (1 Å=0.1 nm)
and c = 13.74 Å (JCPDS: 87-1166).

The morphology of the as-prepared sample was
revealed by the SEM image as shown in Fig. 2(a).
The nanorods are about 160 nm in diameter and 2 µm
in length. Figure 2(b) shows the TEM image of the
nanorods for detailed information about their struc-
ture. The spacing marked in the image is measured
to be 0.367 nm, which matches the interplanner space

of the crystal planes with orientation index [012]. The
result demonstrates that the nanorods grow along the
direction parallel with the crystal plane (012).

Fig. 1. XRD pattern of as-prepared sample.

Fig. 2. (a) SEM image of the Fe2O3 nanorods and the

inset showing the image of a single nanorods; (b) high

resolution TEM image of the nanorod.

The gas sensor was fabricated by dispersing the
as-prepared α-Fe2O3 nanorods between two gold elec-
trodes as described in Ref. [26]. Then the sensor was
annealed in the air at 400 ◦C for 48 h for requirement
of stability. The circuit for measurement was as in-
dicated in Ref. [27]. The circuit for the measurement
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had a heating loop which offered a local operating tem-
perature of 300 ◦C to accelerate the surface reacting
rate. And we selected a reference resistance of 4700 kΩ
to match that of the sensor. Because the sensor was in
series with the reference resistance, so the transition
of sensor resistance could be reflected by the change
of the voltage crossing the reference resistance.

The ethanol sensing characteristic of the device
at low concentration was shown in Fig. 3(a). The
investigation was carried out when the ethanol con-
centration varied from 1 to 50 ppm. As exposed to
ethanol vapour, the resistance of the sensor became
lower than that in the air. With the increase of ethanol
concentration, the sensor resistance first increased and
then decreased. Then the response to ethanol vapour
of relatively high concentration was investigated and
the sensing characteristic was exhibited in Fig. 3(b).
The concentration of ethanol vapour ranged from 100
to 1500 ppm in the investigation. The sensor re-
sistance decreased as the ethanol concentration in-
creased, which was contrary to the scenario revealed
at low concentration. Change of the sensor resistance
with ethanol concentration can be deduced from the
change of the voltage. The sensor showed different
sensing characteristics at different ethanol concentra-
tions which led to different oxygen chemisorptions and
physisorptions at the surface.

Fig. 3. Ethanol sensing characteristic of the Fe2O3

nanorods at concentrations (a) from 1 to 50 ppm and (b)

from 100 to 1500 ppm.

Usually, gas molecules adsorbed on the nanorods

surface will influence the electrical properties by af-
fecting the concentration of carriers as well as the
height of contacting barriers. For n-type semiconduc-
tors, the majority of carriers are electrons. As they are
exposed to the air, the chemisorbed oxygen molecules
will trap electrons from the nanorods, which leads to
the formation of depletion layers at the surface of the
nanorods.[10] The built-in electrical field induced by
the transferred charges acts as barriers for electrons
transport between the nanorods according to the grain
boundary model.[13,28] When the n-type semiconduc-
tor is exposed to reductive gas, the adsorbed oxygen is
eliminated from the surface and the trapped electrons
are released back to the nanorods. So, generally, the
sensor resistance based on an n-type semiconductor
decreases as the sensor is moved from air to ethanol.
While in our experiments, sensor based on α-Fe2O3,
shows p-type sensing characteristic with exposure to
ethanol of low concentration and n-type characteris-
tic in ethanol vapour of high concentration. Such a
phenomenon results from the modification to the en-
ergy band at the surface induced by the oxygen ad-
sorption. The densities of carriers crossing the space
charge layer are determined by the following functions:

ns = Nc exp{−(Ec + eVs − Ef)/kT}
= Nc exp{−(Ei + Eg/2 + eVs − Ef)/kT}, (1)

and

ps = Nv exp{−(Ef − Ev − eVs)/kT}
= Nv exp{−(Ef − Ei + Eg/2− eVs)/kT}. (2)

Here, eVs is the variation of the potential in the
space charge field; Vs can be expressed as Vs =
eN2

s /(2ε0εrD
+) according to one-dimensional Poisson

equation,[5] where D+ is the density of the singly
charged acceptors and Ns is equal to the multiple
of D+ and the Deybe length or the depth of the
space charge layer; Ei + eVs is the intrinsic Fermi
level at the surface. The conductivity characteris-
tic of the surface charge layer is determined by the
relative position between the intrinsic energy level
and the Fermi level. With a little chemisorbed oxy-
gen, the height of surface potential is relatively low,
which keeps Ei + eVs below the Fermi level. The
ratio between major and minor carriers can be de-
scribed as ns/ps = (Nc/Nv) exp(2∆/kT ). Consider-
ing ∆ = Ef − Ei − eVs > 0, such a band structure
still contributes to the n-type conducting characteris-
tic. With much oxygen chemisorbed, the intrinsic en-
ergy level at the surface exceeds the Fermi level, which
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leads to the formation of surface inversion layer. Cor-
respondingly, the holes in the space charge layer will
play a major role with the ratio of ns/ps decreasing ex-
ponentially when ∆ < 0. And additionally, the high
surface potential acts as barriers only for electrons,
so the medium will represent p-type conducting char-
acteristics. During our experiments, when the sensor
based on Fe2O3 was exposed to ethanol of high con-
centration, only a little chemisorbed oxygen remained
at the surface. So n-type sensing is investigated due
to the mechanism of depletion layer.[10,13,28] When the
sensor is exposed to ethanol gas with low concentra-
tion, most adsorbed oxygen atoms remain at the sur-
face. The intrinsic energy level keeps higher than the
Fermi level at the surface, so the sensor resistance
increases with the ethanol concentration decreasing,
which matches the p-type conductivity characteristic.
Such a phenomenon cannot be investigated in bulk
α-Fe2O3. Transition like this is related to the size
of the material. The Fermi level is related only to
the state density of electrons and can be expressed as
Ef = (~2/2m)(3π2n)2/3, where n is the state density
of electrons. Oxygen adsorption will reduce the elec-
tron density by the density of acceptors D+.[5] So the
Fermi level changes more or less during the ethanol
sensing. For bulk Fe2O3, n being much greater than
D+, eVs is so small compared with Ef that the tun-
ing effect of oxygen adsorption can be ignored in the
electron transportation. Then the n-type conductiv-
ity keeps unchanged in ambient atmosphere. While
for nanosized Fe2O3, depth of the depletion layer is al-
most on the same scale as the diameter of the nanorods
due to their large surface-volume-ratio and small di-
ameter, which means lower Fermi level and bigger eVs.
Then the sample will show p-type conducting char-
acteristics when ns/ps = (Nc/Nv) exp(2∆/kT ) de-
creases to a certain degree. The corresponding bands
with different oxygen adsorptions are schematically
indicated in Fig. 4. The competition between the va-
cancy conductivity and the electron conductivity leads
to the transition at about 10 ppm.

Fig. 4. Schematic diagram of bands with different oxygen

adsorptions: (a) the formation of inversion layer (p-type,

low ethanol concentration), (b) the formation of depletion

layer (n-type, high ethanol concentration).

4. Conclusion

α-Fe2O3 nanorods are synthesized through a hy-
drothermal method free from surfactant and ethanol
sensors are fabricated from these nanorods. The
ethanol sensing characteristics are investigated and a
reversible transition of the conductivity between n-
type characteristic and p-type characteristic is found.
The sensing mechanism is analysed in terms of the de-
pletion model and grain boundary model. The transi-
tion is explained by the transition from depletion layer
to inversion layer due to the oxygen-controlled surface
potential as well as the small size of the nanorods.
Such a transiting characteristic facilitates the applica-
tion of α-Fe2O3 nanorods in junction-like devices and
detecting devices.
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Leiodheioser H 1982 J. Coll. Interf. Sci. 85 256
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