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We reported the fabrication of a highly sensitive, fast, and thermally switchable humidity sensor based
on a B-Ga,Osz—amorphous-SnO, core—shell microribbon, which was synthesized via a simple one-step
chemical vapour deposition. The as-grown microribbons were investigated by scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy
(XPS), and X-ray diffraction (XRD) and the results indicated that the microribbon has a well-defined
core—shell structure with $-Ga,0O; in the core and amorphous SnO, in the shell. At 25 °C, the
conductivity of the humidity sensor at 75% relative humidity (RH) was three orders of magnitude larger
than that in dry air (5% RH). The response time and recovery time were ~28 and ~7 s, respectively,
when RH was switched between 5 and 75%. Interestingly, by changing the temperature between 12 and
40 °C at 75% RH, the sensitivity can be tuned between ~10° (12 °C) and ~10? (40 °C). Typical thermally
switchable properties of B-Ga,Oz;—amorphous-SnO, core-shell microribbons at 75% RH were
demonstrated using a heating—cooling cycle between 20 and 30 °C. The possible mechanisms have been
proposed based on the novel core—shell structures and water adsorption—desorption processes. Our

findings pave the way for new types of humidity sensors and thermal switches.

1. Introduction

Because of their special structural, physical and chemical char-
acteristics, core-shell coaxial structured materials have been
widely used in various fields."* In particular, these core-shell
structures exhibit enhanced gas sensing properties with high
sensitivity, selectivity and dynamic repeatability.>® These
performance enhancements are usually attributed to the heter-
ojunction at the core-shell interface.®® Recently, sensors that can
respond to humidity and temperature have aroused great interest
owing to their potential application to industrial processes, as
well as in the fields of biomedicine and human comfort.'**
Different oxide materials have been investigated, such as ZnO,
SnO,, In,03, and their compounds with a variety of shapes
including wires, tubes, belts, and films. However, very little
information on semiconductor humidity sensors based on core—
shell structures can be found.*

In this work, we fabricated B-Ga,O;—amorphous-SnO, core—
shell microribbons using a simple one-step chemical vapour
deposition (CVD).'® SnO, is the most commonly used material
for gas sensors and has a good sensitivity to relative humidity
(RH) in air at low temperatures.'*'"2° On the other hand, B-
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Ga,03, owing to its good physical, chemical and thermally stable
properties, has a wide range of applications, such as in photo-
detectors and high-temperature gas sensors.?’* Therefore, their
combination as a core-shell structure is expected to exhibit novel
properties in the gas sensor field, such as tunable sensitivity and
selectivity for different gases, and a wide operating temperature
range. Moreover, the difference in work function between Ga,03
and SnO, can induce the depletion region in SnO,, resulting in
a decrease in background signal intensity and the increase in
response speed, which play an important role in detecting
reducing gas. B-Ga,03;-SnO, core—shell microribbons fabricated
by one-step CVD have the following advantages over those
fabricated by the two-step method, in which the core and shell
grow independently.”**” The one-step method saves time and
cost in the fabrication process. More interestingly, the SnO; shell
in the present system has an amorphous structure and a large
protrusion. Because these properties produce large active chan-
nels and high surface areas, which are required for gas sensors,?
the humidity sensor based on the Ga,03-SnO, core-shell
structure showed good humidity-sensing performance at room
temperature. The mechanism of the RH- and temperature-
dependent sensitivity is discussed in detail.

2. Experimental

Synthesis of B-Ga,Oz-amorphous-SnO, core—shell microribbons

The B-Ga,0Os-amorphous-SnO; core-shell microribbons used in
this study were synthesized inside a ceramic boat in a horizontal
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tube furnace by CVD. A mixture of highly pure (99.999%) Ga,03
powder, (99.999%) SnO, powder and (99.999%) graphite powder
with a weight ratio of 1:1:2 Ga,O3;-SnO,—C was used as the
source. A ceramic boat containing the Ga,O3;—-SnO,~C powder
was placed in a horizontal tube furnace (see Fig. S11). The
temperature was first raised to 200 °C in a vacuum for 10 min to
remove the water and adsorption gas in the source. After that,
the temperature was increased to 990 °C with a flow of highly
pure argon mixed with 4% oxygen as the protective medium and
carrier gas with a pressure of 9.0 x 10? Pa. The temperature was
maintained for 60 min and then naturally cooled to room
temperature. B-Ga,Oz—amorphous-SnO, core-shell micro-
ribbons were grown at the end of the ceramic boat.

Characterization of the samples

The structural information and surface properties of the micro-
ribbons were obtained using scanning electron microscopy
(SEM) (Hitachi S-4800) with energy dispersive X-ray spectros-
copy (EDX), X-ray photoelectron spectroscopy (XPS) (Thermo
Fisher Scientific, Theta Probe) and X-ray diffraction (XRD)
(Rigaku AFC7R).

Device fabrication and characterization

The B-Ga,Oz—amorphous-SnO, core-shell microribbon was first
transferred from the ceramic boat to the flat substrate by using
tweezers and a metal wire with a sharp tip. The microribbon lies
flat on the substrate. The Au electrodes with a thickness of
500 nm were made by thermal evaporation through a shadow
mask onto the substrate at room temperature. In order to well
understand the humidity sensing mechanism and to investigate
the effect of the core-shell structure, B-Ga,Osz-microribbon- and
single-crystal-SnO,-microwire-based devices were fabricated
using the same method as reference. The current—voltage (I-V)
and thermally switchable humidity sensing properties of an
individual B-Ga,0Oz;—amorphous-SnO, core-shell microribbon-
based device were measured in air using a picoammeter (Keith-
ley, model 6458) under different conditions (see Fig. S2+).

3. Results and discussion

Structural and morphology characterization of B-Ga,0s—
amorphous-SnO, core—shell microribbons

Fig. 1(a) shows a low-magnification SEM image of as-grown
Ga,03-Sn0O, microribbon core-shells, and it reveals that all the
specimens display a ribbon morphology with a length of up to 3—
5 mm. The as-grown microribbons have a rectangular cross-
section with typical widths of 8—12 um and thicknesses of 1-2 um
(see Fig. 1(b)). The inset in Fig. 1(b) shows the roughness of the
surface. Fig. 1(c) shows a SEM image of the microribbon and an
EDX line scan was taken along the dotted red line. The spatial
distributions of Ga, O and Sn indicated that the microribbons
have a well-defined core—shell structure with Ga,Os in the core
and SnO, in the shell. The thickness of the SnO, shell is
approximately 300 nm as shown in Fig. 1(c).

To further investigate the crystal structure of core—shell
microribbons, XRD measurement was carried out on a single
microribbon. In particular, Fig. 2(a) shows the XRD patterns
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Fig. 1 SEM images of as-grown B-Ga,O;—amorphous-SnO, core—shell
microribbons with (a) low and (b) high magnification. (c) EDX line
scanning concentration profiles of f-Ga,Os;—amorphous-SnO, core—shell
microribbons.

with the scattering vector ¢ parallel to the ribbon axis. In this
figure, the diffraction peaks at 26 = 14.3, 28.4, 43.4 and 59.2° can
be associated with the diffraction from the (002), (004), (006) and
(008) planes of the B-Ga,O3 with a monoclinic structure. This
result suggests that the length direction is along the c-axis of B-
Ga,03. Additionally, the absence of the diffraction peak related
to SnO; indicates that SnO, exists as an amorphous phase. The
lattice parameters of f-Ga,Oj; calculated from the XRD data are:
a=1223nm, b =0.229 nm, ¢ = 0.577 nm and 8 = 103.7°, which
are consistent with the standard values of the bulk material
(JCPDS 431012). This consistency confirmed that almost no Sn
element has been doped into the lattice of B-Ga,O;. The X-ray
diffraction patterns obtained using the four-axis XRD system
determines the orientation of the B-Ga,O; core structure, as
shown in Fig. 2(b).

XPS was used to investigate the surface composition of as-
grown B-Ga,Os;—amorphous-SnO, core-shell microribbons.
Fig. 2(c) shows the XPS profiles of the sample scanned in the
range of 0-1200 eV. The binding energies are calibrated by taking
the carbon C 1s peak (284.6 eV) as reference. All the peaks can be
ascribed to Sn, O, and C, as labeled in Fig. 2(c). No Ga element
peak was observed within the sensitivity range of the technique in
our sample. This result confirmed that the microribbon was
covered completely by the SnO, shell, which is consistent with
the model in Fig. 2(b). Fig. 2(d) shows the double spectral lines of
Sn 3d at binding energies of 485.9 eV (Sn 3ds/;) and 494.3 eV (Sn
3ds/,) with a spin—orbit splitting of 8.4 eV, which coincides with
the findings for the Sn*" ion bound to oxygen in the SnO,
matrix.? The peak of Sn 3ds, shows only one symmetric
component without a shoulder peak. The O 1s peak can be
decomposed into two components at 531.1 and 532.7 eV, as
shown in Fig. 2(e). The low-energy peak at 531.1 eV corresponds
to O~ from the rutile structure of the SnO, lattice, whereas the
peak at 532.7 eV can be ascribed to the presence of tin hydroxide
on the surface of amorphous SnO,.? The results of the structural
analysis demonstrate that B-Ga,O;—amorphous-SnO, core—shell
microribbons were fabricated by the simple one-step CVD,
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Fig.2 (a) The XRD patterns of an as-grown single microribbon with the scattering vector ¢ parallel to the rod axis. (b) The schematic structure of the B-
Ga,O3-amorphous-SnO, core—shell microribbon. (c¢) XPS spectra of as-grown microribbons scanned from 0 to 1200 eV. (d) Binding energy of Sn 3d. (e)

Binding energy of O Is.

which produces a unique structure different from the coaxial
structure fabricated by the two-step method.?>*’

Humidity sensing properties

To examine the humidity sensing properties of the B-Ga,Oz—
amorphous-SnO, core-shell microribbons, humidity sensors
were fabricated and their properties investigated under different
conditions. A single B-Ga,Os;-amorphous-SnO, core-shell
microribbon with a width of 10 pm and a thickness of 1 um was
selected to fabricate the device, because a micro-sized structure is
easy to manipulate and gas molecules have a better chance of
being adsorbed by this larger surface area. 500 nm thick Au was
evaporated at the electrodes and the distance between the two Au
electrodes was 200 um. Fig. 3(a) shows the I~V curves of the
core—shell microribbon-based humidity sensor in dry air (5%
RH) and 75% RH air at 25 °C. In both RH atmospheres, the -1
curves of the device exhibit good linear behavior, which proves
a good ohmic contact between the microribbon and the Au
electrodes. At the same time, the resistance of the microribbon in
dry air was calculated to be about 3.5 x 102 Q, which is ~3
orders of magnitude larger than that in 75% RH air (1.1 x 10°
Q). Evidently, the resistance of the microribbon was strongly
affected by the water vapor in air. The top and bottom insets in
Fig. 3(a) show the I-V curves of two control devices based on [3-
Ga,0; microribbons and single-crystal SnO, microwires,
respectively. The measured conditions for two control devices are
the same with those for the B-Ga,Os;—amorphous-SnO, core—
shell microribbon sensor. It can be seen that the B-Ga,Os;
microribbon has an ultra-high resistance (under the instrumental
limit) at both 5% and 75% RH, which can be attributed to the
lower carrier density of the Ga,O; microribbon. For a single-
crystal SnO, microwire, the -V curves of the device exhibit good
linear behavior and the resistance was calculated to be about
9.1 x 10° Q in dry air, which is ~6 orders of magnitude smaller
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Fig. 3 (a) The I-V curves of the core—shell microribbon-based humidity
sensor in dry air (5% RH) and 75% RH air at 25 °C. The top and bottom
insets show the I~V curves of the Ga,O3 microribbon and SnO, micro-
wire, respectively, which are used as control samples. Both control
samples have neglectable humidity sensing property at 25 °C. (b) The
dynamic response of the B-Ga,O;—amorphous-SnO, core—shell micro-
ribbon sensor for the detection of 75% RH air. The inset shows that the
response time and recovery time (defined as the time required to reach
90% of the final equilibrium value) were ~28 and ~7 s, respectively.

12884 | J. Mater. Chem., 2012, 22, 12882-12887

This journal is © The Royal Society of Chemistry 2012



than that of the core-shell microribbon (3.5 x 10'* Q). However,
the difference in resistance can be neglectable when measured at
5% and 75% RH. The lower resistance and neglectable humidity
sensing properties of the single-crystal SnO, microwire should be
associated with surface properties and the low ratio of surface to
volume. Therefore, it can be concluded that the ultra-large
increase in conductivity of the B-Ga,Os;—amorphous-SnO,
microribbon in humid air can be attributed to the amorphous
phase of SnO,, core-shell structures, and water layers, which will
be discussed later. The dynamic response of the B-Ga,Oz—
amorphous-SnO, core-shell microribbon sensor for the detec-
tion of 75% RH air is shown in Fig. 3(b). The sensor was oper-
ated at 25 °C and periodically exposed to dry air flow and 75%
RH air flow. It can be seen that there are few changes in the peak
values in the curves for nine cycles, implying the good repro-
ducibility of the sensor. Furthermore, the response time and
recovery time (defined as the time required to reach 90% of the
final equilibrium value) were ~28 and ~7 s, respectively, when
RH was switched between 5 and 75% (see inset in Fig. 3(b)). The
response time and recovery time are shorter than those in most
previous reports. 14

The sensitivity S of the sensor is defined as the ratio of elec-
trical resistance in dry air to that in humid air (Rary air/ Rhumid air)-
Under a constant voltage, S can be expressed as

S = Ihumid air (1)
Idry air

where Iqry air and Thymid «ir TEpresent the currents of the sensor in
dry air and humid air under a constant voltage, respectively. The
sensitivity at different temperatures as a function of RH is shown
in Fig. 4. At 12 °C, the sensitivity increased largely with
increasing RH from 15 to 55%. As RH was increased further, the
sensitivity increased slightly and reached saturation at ~10°. The
saturation behavior under a high RH at 12 °C can be attributed
to the fact that large numbers of water molecules have adsorbed
on the microribbon already at 55% RH and the further increase
in RH cannot realize a large change in conductivity. At 20 °C, the
sensitivity increased largely with increasing RH from 23 to 85%
and no saturation can be observed. As for the operating
temperatures at 30 and 38 °C, the increase in sensitivity slowed
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Fig. 4 The sensitivity at different temperatures as a function of RH at
different operation temperatures of 12 °C (red solid square line), 20 °C
(blue open square line), 30 °C (pink solid circle line) and 38 °C (green
open circle line).

down with increasing RH. Interestingly, at a high RH, the core—
shell microribbon humidity sensor is very sensitive to tempera-
ture, and the sensitivity can be decreased by 2-3 orders with
increasing temperature from 20 to 30 °C.

To further investigate the thermal effect on the sensitivity, the
temperature dependence of the sensor current in 75% RH air is
shown in Fig. 5(a). Although a large current was observed below
20 °C, a sharp decrease in sensor current was observed at 24 + 4
°C, and the current became almost constant above 33 °C. The
change in current was reversible with temperature. The current
response to the temperature change suggests that microribbons
have thermal switchable properties in 75% RH air. Furthermore,
the sensor in dry air showed almost no changes in current with
increasing temperature from 12 to 40 °C (see inset in Fig. 5(a)).
By switching the temperature of the microribbon between 20 and
30 °C, the current cycled between a relatively high value at 20 °C
(~10nA) and a very small value at 30 °C (~0.02 nA), as shown in
Fig. 5(b). The results demonstrate the reversibility and repetition
of the resistivity of B-Ga,Os;—amorphous-SnO, core—shell
microribbons at a high RH in heating and cooling processes.

B-Ga,O3—amorphous-SnO, core-shell microribbons show
a high sensitivity and a fast response to water vapor near room
temperature. To obtain good understanding of the mechanisms of
their performance, a model based on the surface and hetero-
junction effect was proposed, as shown in Fig. 6. SnO, is an n-type
semiconductor with a band gap of 3.6 eV and a work function of
4.7 eV, and B-Ga,Os; is an n-type semiconductor with a band gap
of 4.7 eV and a work function of 5.0 eV.3*-*? At the heterojunction
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Fig.5 (a) The temperature dependence of the sensor current in 75% RH
air at /=1 V. The inset shows the temperature dependence of the sensor
current in dry air. (b) Dependence of the sensor current in 75% RH on the
temperature switched between 20 and 30 °C.
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between amorphous SnO, and B-Ga,0s, electrons transfer from
SnO, to Ga,0; owing to the difference between their energy
positions, and barriers and depletion layers are formed. When the
sensor is exposed to dry air (see Fig. 6(a)), some oxygen molecules
will adsorb onto the surface, and at the interface and grain
boundaries of amorphous SnO, shells. Adsorbed oxygen mole-
cules capture free electrons from the conduction band in n-type
SnO, and form oxygen ions according to

Oy +e =03 2

Therefore, a depletion layer with a low conductivity is created
near the surface, leading to a decrease in carrier concentration.
Because Ga,0j; is completely covered by SnO, and there is no
etching of the SnO, shell before the Au deposition, the current
mainly flows through the shell. Therefore, the temperature
dependence and strong RH dependence of the humidity sensor
result from the transport through SnO, shells in a humid
atmosphere. The main effect of the Ga,O; core (or the core—shell
heterojunction) is that it decreases the carrier density in the SnO,
shell, which is similar to that of the gate voltage in a field effect
transistor.

When the sensor is exposed to humid air (see Fig. 6(b)), H,O is
physisorbed on the oxide surface in molecular forms and chem-
isorption hardly takes place owing to the low operating
temperature (<50 °C)."*"'* At a low RH, water molecules replace
0?7, therefore releasing electrons from O?*~. The increase in free
electron concentration results in a decrease in barrier height at
the interface of the Ga,0O3-SnO, heterojunction and the surface
of SnO,. Meanwhile, electrons are attracted to the surface by the
preferential alignment of water dipoles.!*" Because of the high
carrier concentration near the surface of SnO,, the conductivity
of the humidity sensor increases markedly. Water adsorbed at
grain boundaries of the SnO, shell assists the current flowing
through the boundary. With an increase in RH, subsequent
layers of water molecules are physically adsorbed on the first
water layer, as shown in Fig. 6(b). Protons act as charge carriers,
transporting charges between physisorbed water molecules on
the SnO, surface.''!3 With further increase in RH, in addition to
the protonic conduction in adsorbed water layers, electrolytic
conduction takes place in liquid water, which condenses in
capillary pores. The formation of such pores is due to nanoscale
grain boundaries of amorphous SnO, shells.** Because there are
several mechanisms underlying the conduction increase in humid

a b
Ga,0, SnO,
// =5 02
.
=0y
=0y
e =05

Lo,

Depletion region

In dry air

Ga,0, SnO,

air as mentioned above, the resistance changes nonlinearly with
RH and its sensitivity is very high. The water, adsorbed in
molecular form, is easily desorbed from the surface owing to its
weak bonding with the surface, which can be used to explain the
quick response and recovery to humidity. Additionally, the
depletion layers at the heterojunction and surface are formed by
the movement of electrons immediately after the desorption of
water molecules, so the humidity sensor can quickly return to its
original high resistance state.

Since the number of water molecules on SnO, shells deter-
mines sensor current, it is instructive to compare the temperature
dependent sensitivity of the sensor to the water physisorption
isotherms on the SnO, surface,** in which the number of water
molecules on the oxide surface is plotted against the pressure of
H,O vapor at a constant temperature. At low temperatures (7" <
20 °C), the large increase in sensor current is consistent with the
high sensitivity of the isotherms: monolayer coverage is achieved
at a very low pressure of H,O gas (very low RH). As temperature
increases from 20 to 40 °C, monolayer coverage begins to require
a higher H,O gas pressure (high RH) in the isotherms, and the
decrease in sensitivity agrees with the decrease in sensor current
under a constant RH. The saturation of the sensor current at
approximately 40 °C is in good agreement with the desorption
temperature of physically adsorbed water on SnO, (~40 °C).?*
Because temperature determines the ratio of adsorption to
desorption of water molecules on a SnO, surface under equilib-
rium condition, the thermal switching of the sensor occurs
without hysteresis, as shown in Fig. 5(a).

4. Conclusions

In summary, we have demonstrated the one-step fabrication of -
Ga,03—amorphous-SnO, core-shell microribbons by CVD.
These microribbons have a very high sensitivity to humidity with
quick response and recovery near room temperature. The good
sensing performance of the B-Ga,Os;—amorphous-SnO, core—
shell microribbon humidity sensor can be attributed to the large
surface area of the amorphous-SnO; shell and the heterojunction
between Ga,0O3; and SnO,. The fast physisorption of water
molecules and the fast formation of depletion layers in the sensor
explain the quick response and recovery to humidity. More
interestingly, typical thermally switchable properties of the
microribbons were observed at 75% RH using a heating—cooling
cycle between 20 and 30 °C. The large change in resistance is due
to the temperature dependent adsorption of water molecules

- 0,
h "
0 ‘__HQO Dipole
3 H."- H+
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’ No—H
First water layer

Depletion region

In humid air

Fig. 6 Conductivity model of the B-Ga,Os;-amorphous-SnO, core-shell microribbon in (a) dry air and (b) humid air.
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onto the SnO, surface. The results pave the way for the devel-
opment of new types of humidity sensors and thermal switches.
Future work will focus on studying the sensing behavior of
microribbons for other reducing gases and on further improving
the performance of devices.
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