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ABSTRACT: Adsorption-induced changing of carrier density is presently dominating inorganic 

semiconductor gas-sensing, which is usually operated at a high temperature. Besides carrier 

density, other carrier characteristics might also play a critical role for gas-sensing. Here we show 

that carrier mobility can be an efficient parameter to dominate gas sensing, by which room 

temperature gas-sensing of inorganic semiconductors is realized via a carrier mobility dominated 

gas-sensing (CMDGS) mode. To demonstrate the CMDGS, we design and prepare a gas-sensor 

based on a regular array of SnO2 nanorods on a bottom film. It is found that a key for 

determining gas sensing mode is adjusting the length of the arrayed nanorods. With the nanorod 

length changing from 340 to 40 nm, the gas sensing behavior changes from the conventional 

carrier-density mode to a complete carrier-mobility mode. Moreover, comparing to the carrier 
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density dominating gas-sensing, the proposed CMDGS mode enhances the sensor sensitivity. 

The CMDGS proves an emerging gas-sensing mode for designing inorganic semiconductor gas-

sensors with high performances at room temperature. 

1. INTRODUCTION 

Inorganic semiconductor gas-sensors are most wildly-used solid-state gas-sensors owing to their 

high sensitivity, fast-response time, and high chemical stability.1-5 Development of inorganic 

semiconductor gas-sensors is dependent on gas-sensing modes, among which the dominant gas-

sensing mode relies on a fact that surface adsorption on inorganic semiconductors can influence 

their carrier density to vary the conductivity.6-8 The surface adsorption origin of the carrier 

density variation is the key to this dominant gas-sensing mode, which is therefore denoted as 

‘carrier density dominated gas-sensing’ (CDDGS) in the following description. Operating the 

CDDGS needs a high temperature. For example, the operating temperature for a SnO2 gas-sensor 

is usually higher than 200 ºC,7 which may cause tedious operations, over-consumptions of 

energy, and even some safety issues when such a CDDGS-mode gas-sensor is employed.  

Besides carrier density, other crucial carrier characteristics of gas-sensing materials such as 

carrier mobility might also play a key role for gas sensing.9-12 It has been shown that hydrogen 

detection using platinum nanowires is related to adsorption-induced degradation of carrier 

mobility.9,10 Actually, a similar adsorption-origin of the carrier mobility degradation also exists 

in inorganic semiconductor gas-sensing, but only being limited on the surface.5,13 In the case of 

the oxygen adsorption on the SnO2 film,13 an oxygen molecule is adsorbed and forms a scattering 

center on the surface of SnO2. This scattering center radiates a spherical region with Debye 

length (ca. 3 nm), and carrier mobility is distinctly diminished within this region. This region can 
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completely occupy the carrier channel as the thickness of the SnO2 film decreases to 2-times 

Debye length, generating a carrier mobility degradation for most carriers. Recently, the 

adsorption-induced degradation of carrier-mobility has also occurred when using a 4.8-nm-thin 

phosphorene nanosheet to detect NO2 gas.5 The 4.8 nm thickness of the phosphorene nanosheet 

causes that the adsorbed NO2 molecules can directly diminish the carrier mobility through the 

carrier channel. The resulting degradation of carrier mobility is positively associated with the 

concentration of NO2 gas. However, limited by the low surface area of the above-mentioned 

platforms (e.g., the SnO2 film and the phosphorene nanosheet), the adsorbed quantity of the 

oxygen molecule or the NO2 molecule is still far from achieving a carrier mobility degradation 

which is large enough to produce an obvious variation of conductivity, and consequently so far 

such carrier mobility degradation has not been utilized to dominate gas-sensing of inorganic 

semiconductors.  

Based on these recognitions and considering a fact that carrier mobility has a positive correlation 

with the conductivity of inorganic semiconductors, it shall be worthy to explore a concept of 

carrier mobility dominated gas-sensing (CMDGS) as an alternative gas-sensing mode of 

inorganic semiconductors. Here we design a gas-sensing configuration of inorganic 

semiconductors to realize the CMDGS, aiming room-temperature gas-sensing. This design 

involves two key points: (i) vertically aligned nanorods and (ii) a bottom film. The inter-

electrode bottom film specifically serves as a conductive channel, and the carrier mobility within 

the channel could be modulated by a large adsorption on the nanorods.  

As a proof-of-concept, SnO2, a traditional inorganic semiconductor for gas-sensing,14-17 is chosen 

as a model material; and an ultrathin alumina membrane (UTAM)18-20 is applied as a template. 

Regular arrays of SnO2 nanorods on a bottom film are then fabricated with different nanorod 
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lengths (340, 140, 110, and 40 nm), which are used to construct a room temperature gas sensor. 

It is found that, when the nanorod length decreases from 340 to 40 nm, the gas-sensing mode 

changes from the carrier density dominated gas-sensing (i.e., CDDGS) to carrier mobility 

dominated gas-sensing (i.e., CMDGS). For the 340-nm-length nanorod array, its gas sensing still 

stays in CDDGS, while the CMDGS mode appears for the 140-nm-length nanorod together with 

CDDGS. With further decreasing of nanorod length, the CMDGS becomes obvious for the 110-

nm-length nanorod array, and finally the gas sensing of the 40-nm-length nanorod is completely 

in the CMDGS range. Importantly, the CMDGS-mode sensor (i.e., 40-nm-length nanorod array) 

shows a more than 4-times higher sensitivity compared to that of the CDDGS-mode sensor. To 

fully understand the mechanism of the changing from CDDGS to CMDGS mode, two 

representative SnO2 nanorod arrays (40 and 340 nm nanorod lengths) are fabricated into field-

effect transistors. For all three target gases of ethanol, acetone, and isopropanol, electric 

characterizations of the field-effect transistors show that the carrier mobility of the 40-nm-length 

nanorod array decreases for more than 90% after introducing gases. Together with the 

morphological origin of electric field distributions, a large adsorption-induced degradation of 

carrier mobility is demonstrated for the 40-nm-length nanorod array, endowing it with sensitive 

responses of CMDGS at room temperature. Based on the above, the proposed CMDGS is 

confirmed as an efficient gas-sensing mode for obtaining a room temperature gas sensor with 

high sensitivity. 

2. EXPERIMENTAL SECTION 

2.1. Synthesis of UTAMs. UTAMs were synthesized from high purity aluminum (Al) foils by a 

two-step anodization process. This anodization process included a 6-hour-first and a short-time-

second anodization, at 40 V in 0.3 M oxalic acid. The second anodization was conducted at 2 ºC. 
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The UTAMs with 80, 110, 140, and 340 nm of thicknesses can be respectively obtained by 2, 3, 

5, and 10 minutes of the second anodization. Next the samples were correspondingly transferred 

into a 5 wt% H3PO4 solution at 30 ºC for 4, 8, 15, and 25 minutes to widen the pore diameter up 

to 60 nm. A polymethylmethacrylate (PMMA) layer formed by 6% PMMA/Chlorobenzene 

solution was subsequently deposited on the top of the Al layer to support the UTAM. The Al 

layer on the backside of the UTAM/PMMA was removed in a mixture solution of CuCl2 and 

HCl. With the aid of a plastic strainer, the UTAM/PMMA was transferred in the H3PO4 solution 

at 30 ºC for 14 minutes to remove the barrier of the UTAM. After removal of the PMMA in 

acetone, the UTAM with uniform opened pores was obtained.  

2.2. Fabrication of SnO2 nanorod arrays. Different weights of SnCl4 were dissolved in 

deionized water to form homogeneous transparent solutions with different concentrations, 

ranging from 0.01 to 0. 1 M. Herein, the 0.1M and the 0.01 M SnCl4 aqueous solution 

represented the high and the low concentration precursor solution, and were used for the 

fabrications of the long (i.e., 340, 140, and 110 nm nanorod length) and the short (i.e., 40 nm 

nanorod length) SnO2 nanorod array. As shown in Figure 2a, a UTAM was slowly immersed into 

a SnCl4 aqueous solution, and then it was floated onto the surface of the solution. Subsequently, 

this floated template was picked up with a device substrate. Next the sample was annealed using 

a heat-treatment process normally for achieving nanocomposites or nanoparticles,21,22 in a 

furnace with a first hot plate at 150 ºC for 2 hours and an immediate second hot plate at 450 ºC 

for 2 hours. Finally, the SnO2 nanorod array was obtained after the removal of the UTAM in a 

H3PO4 solution (5 wt%). 

2.3. Gas-sensing tests. Gas-sensing tests were conducted in an air-tight chamber with electrical 

feedthroughs. A constant voltage of 4 V was applied to a device and the variation of the output 
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current was monitored and recorded with the change in the gas environment using a Keithley 

semiconducting testing system. The reducing gases (25 ppm of ethanol, propanol, and acetone 

gases) were respectively chosen as a target gas. A typical gas-sensing measurement consists of 

three sequential steps: (1) a base value of the output current from the sensor in air was recorded; 

(2) a calculated volume of the reducing gas was introduced into a chamber, and the signal on the 

variation of output current was simultaneously recorded; (3) after the signal stabilized, the 

chamber was opened for removing the gas, and the signal of the output current was also 

simultaneously recorded until it reached a steady state. Characterizations of the field-effect 

transistor were also conducted by this sensing system.  

2.4. Characterizations. The morphology of SnO2 nanorod arrays on device substrates was 

examined by scanning electron microscopy (SEM, S4800 Hitachi and Quanta 250 FEG). The 

compositions were characterized by X-ray diffraction (XRD, D/max2200, with Cu-Ka radiation) 

and X-ray photoelectron spectroscopy (XPS, ESCALAB 250). Samples for these measurements 

were prepared on silicon (Si) substrates under the same conditions as those prepared on the 

device substrate. For preparing the specimens of transmission electron microscopy (TEM), the 

SnO2 nanorod array was scraped off and transferred onto carbon-coated transmission electron 

microscopy grids. A JEOL JEM 2010 transition electronic microscope was used for the TEM 

analysis. 

3. RESULTS AND DISCUSSION 

3.1. Simulated electric field of the SnO2 nanorod array and its CMDGS mode. To reveal a 

possibility of the CMDGS mode based on the designed SnO2 nanorod array, we perform a 

simulation of electric field on the SnO2 nanorod array and a comparison to that of a SnO2 film. 
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Figure 1a and b show cross-sectional electric field distributions of a SnO2 film and the SnO2 

nanorod array, respectively. In Supporting Information S1, we present the electric field strengths 

on the surfaces of the SnO2 film and the bottom film of the nanorod array (both arrowed in red 

color in Figure 1a and b). It is shown that, a higher electric field strength exists on the surface of 

bottom film (more than 0.49×106 V/m) rather than that of the film (0.4×106 V/m), meaning more 

cumulative charges (i.e., carrier). Considering the bottom film of the SnO2 nanorod array is 

specifically designed to be a conductive channel, the adsorption on the bottom film surface 

therefore has a higher possibility to induce carrier scattering. As a valid supporting, a high 

electric field strength of more than 0.49×106 V/m is also confirmed to exist on the bottom film 

surfaces of the nanorod arrays with nanorod lengths ranging from 20 to 340 nm (see Supporting 

Information S1). Additionally, the vertical nanorods shall introduce a larger surface adsorption 

for the SnO2 nanorod array and cover the shortage aroused by the SnO2 degraded room-

temperature ability of adsorption, as portrayed in Figure 1c and d. These results indicate that the 

gas-sensing of the SnO2 nanorod array could be subjected to a larger adsorption-induced 

degradation of carrier mobility than that of the SnO2 film. Hence, it is highly possible that the 

SnO2 nanorod array can exhibit a CMDGS response. As shown in Figure 1c and d, the CMDGS 

of the SnO2 nanorod array with the large adsorption-induced degradation of carrier mobility 

would manifest as a more obvious decrease of current intensity (Figure 1d) than that of the SnO2 

film (Figure 1c). 
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Figure 1. (a and b) Electric fields of the SnO2 film (a) and the SnO2 nanorod array (b) in air. (c 

and d) Schematics of gas-sensing responses (i.e., current variation) of the SnO2 film (c) and the 

SnO2 nanorod array (d). Applied with a constant voltage, the SnO2 nanorod array with a large 

adsorption-induced degradation of carrier mobility would exhibit a more obvious current 

decrease than that of the SnO2 film, reflecting a distinct CMDGS response.  

3.2. Fabrication of SnO2 nanorod arrays on device substrates. For the designed configuration 

of SnO2 nanorod array gas-sensors, the key point is that the bottom film bridging over two sensor 

electrodes serves as a conductive channel. Then a UTAM-based fabrication of SnO2 nanorod 

arrays is used and schematically illustrated in Figure 2a. The UTAM (its morphology shown in 

Figure S2, Supporting Information) was firstly immersed into precursor solution of SnO2 (Figure 

2a1), then floated on the surface of solution (Figure 2a2). The solution filled each channel of the 
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UTAM due to the capillary effect.23 Next this floated UTAM was picked up by a device 

substrate (Figure 2a3). For the construction of the device substrate, interdigitated 

platinum/titanium (Pt/Ti) electrodes were seated on a substrate, a p-type Si substrate capped with 

a 300-nm-thick oxide layer. The UTAM covered the surface of the device substrate with the 

solution permeating its channels and bottom interval (Figure 2a4). The existence of the bottom 

interval enabled the following growth of the bottom film on the device substrate, as depicted in 

the magnified image of Figure 2a4. Then a heating measurement was performed on this sample 

(Figure 2a5), resulting in the vertical SnO2 nanorods in the UTAM channels and the bottom film 

in the bottom interval, of which SEM image is shown in Figure 2b. Finally, the SnO2 nanorod 

array gas-sensor was obtained after the removal of the UTAM in an aqueous H3PO4 solution 

(Figure 2a6, its SEM images shown in Figure S3, Supporting Information). The sample 

composition is characterized by TEM, XRD, and XPS (see Supporting Information S4 and S5). 

Using the above-mentioned UTAM-based technique, we prepare SnO2 nanorod arrays with 

different lengths ranging from 340 to 40 nm (more details about the fabrication are available in 

Supporting Information S6-S8). In a plane view of the SnO2 nanorod array (Figure 2c), its SEM 

image depicts that nanorods are vertically and hexagonally arranged with a period of 100 nm. In 

cross-section views, different lengths of the nanorods can be observed, such as 340 nm (the 

upper part of Figure 2d), 140 nm (the upper part of Figure 2e), 110 nm (the lower part of Figure 

2e), and 40 nm (the lower part of Figure 2d). Additionally, a 40-nm-thick bottom film can be 

clearly found in the 340 nm sample (the upper part of Figure 2d). Both arrays are of the same 

density of nanorods, which is characterized by the same period and nanorod diameter (i.e., 

100 nm and 60 nm). Then we use these nanorod arrays as a gas-sensor for following 

measurements. 
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Figure 2. The SnO2 nanorod array gas-sensor fabrication. (a) The schematic representation of 

procedures for fabricating the SnO2 nanorod array on a device substrate: (a1) transferring a 
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UTAM to the precursor solution; (a2) the UTAM floated on the precursor solution; (a3) picking 

up the UTAM with a device substrate; (a4) the UTAM covering on the device substrate, the 

magnified image of the selected area showing the solution permeates the UTAM channels and 

bottom interval; (a5) drying and annealing both the UTAM and the device substrate; (a6) the 

SnO2 nanorod array obtained after the removal of the UTAM. (b) A SEM image showing the 

SnO2 nanorod array without the removal of the UTAM. (c) A plane view of the SnO2 nanorod 

array. (d and e) Cross-section views of the SnO2 nanorod arrays with different nanorod lengths, 

involving 340 nm (the upper part of d), 40 nm (the lower part of d), 140 nm (the upper part of e), 

and 110 nm (the lower part of e). An obvious 40-nm-thick bottom film is observed from the 340-

nm-length nanorod array (the upper part of d). 

3.3. Gas-sensing of SnO2 nanorod arrays. In our gas-sensing measurements, applied with a 

constant voltage of 4 V, changes of It/I0 value from gas-sensors on exposure to detected gases are 

monitored and recorded as sensing signals.15,24 I0 and It are output currents of a sensor in air and 

detected atmospheres, respectively. Detected gases involve 25 ppm of ethanol, isopropanol, and 

acetone gas. Figure 3a-d show room temperature gas-sensing responses of SnO2 nanorod arrays 

consisting of different nanorod lengths (340, 140, 110, and 40 nm). It can be seen that the 

positive gas-sensing response (It/I0 > 1) turns negative (It/I0 < 1) when the nanorod length 

decreases from 340 to 40 nm. As the SnO2 nanorod array is applied with a constant voltage, a 

positive and a negative gas-sensing response indicate an increase and a decrease of sample 

conductivity respectively after the introduction of detected gases. Figure 3a describes the 

conductivity of the 340-nm-length SnO2 nanorod array increases after the introduction of 

detected gases. All the detected gases (ethanol, isopropanol, and acetone gases) are reducing 

gases those can react with the oxygen ions (O2- and O-) on SnO2 surface, resulting in releasing of 
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trapped electrons.25 As the SnO2 nanorod arrays (e.g., the 340 nm and the 40 nm sample) behave 

as a n-type conductance channel (Supporting Information S9), the releasing of trapped electrons 

from the oxygen ions to SnO2 increases the carrier density in the SnO2 nanorod array, therefore 

increasing the SnO2 conductivity. It suggests that the positive gas-sensing response of 340-nm-

length SnO2 nanorod array is a typical CDDGS response. In the detection of 25 ppm acetone gas, 

this sample exhibits a gas-sensing response with the It/I0 of 1.13. However, this response to the 

acetone gas becomes weak (It/I0 ~ 0) when the nanorod length decreases to 140 nm (Figure 3b), 

and then turns to an unusual negative (It/I0 = 0.93) response as the length of nanorod 

continuously decreases to 110 nm (Figure 3c). This kind of negative gas-sensing response 

indicates that, for the 110-nm-length SnO2 nanorod sample, the introduction of the acetone gas 

doesn’t increase the conductivity but rather decreases it. Considering that the sample 

conductivity (σ) is a product of carrier density and mobility (i.e., σ = nqµ, n, q, and µ are carrier 

density, carrier charge, and carrier mobility), this conductivity decreasing could be only caused 

by the decrease in carrier density and/or the degradation of carrier mobility. The aforementioned 

fact confirms that reducing gases (e.g., acetone gas) always lead to the carrier density increase in 

the SnO2 nanorod arrays, and thus the conductivity decreasing of the 110-nm-length SnO2 

nanorod array shall be attributed to a large degradation of carrier mobility. When the nanorod 

length further decreases to such as 40 nm (Figure 3d), this negative gas-sensing response caused 

by the degradation of carrier mobility becomes more distinct, revealing that a carrier mobility 

dominated gas-sensing (i.e., CMDGS) mode dominates the gas-sensing when the nanorod length 

is 40 nm. Additionally, it further demonstrates the CMDGS in the 40 nm sample that the 

negative responses exist on the samples with different nanorod diameters (see Supporting 

Information S10). Importantly, the CMDGS mode shows an enhanced gas-sensing sensitivity. 
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Take the detection of 25 ppm acetone gas as an example, the CMDGS-mode sensor (i.e., the 40-

nm-length sample) has a current decrease of about 58% (1 - It/I0 = 0.58) while the CDDGS-mode 

sensor (i.e., the 340-nm-length sample) shows a current increase of about 13% (It/I0 - 1 = 0.13), 

indicating that the sensitivity of CMDGS-mode is more than 4-times higher than that of CDDGS. 

A similar gas sensing behavior changing from CDDGS to CMDGS exists in detections of the 

other two reducing gases (ethanol and isopropanol). However, a changing point from CDDGS to 

CMDGS referring to nanorod length is not in the same range for different gases (Figure 3a-d): 

the changing point of acetone, isopropanol, and ethanol shall be in the ranges of 340-140 nm, 

140-110 nm, and 110-40 nm, respectively. To further investigate the CDDGS-CMDGS changing 

related to the nanorod length, an 80-nm-length and a 20-nm-length SnO2 nanorod array are 

prepared, and 25 ppm ethanol gas is selected as a target gas (see Supporting Information S11). 

Both the 80-nm-length and the 20-nm-length samples exhibit a negative gas-sensing response, 

showing a typical CMDGS mode. Figure 3e portrays a correlation of the gas-sensing mode 

(characterized by It/I0  1 for CDDGS, or It/I0  1 for CMDGS) with the nanorod length. 

Changing from 340 to 110 nm of nanorod length, the sample responses keep positive but their 

It/I0 value decreases from 1.08 to 1.05. Next the sample exhibits the negative response when its 

nanorod length decreases to 80 nm, of which It/I0 value is equal to 0.85. The gas-sensing 

response stays in the negative with the further decreasing of the nanorod length down to the 

20 nm. The change from the positive to the negative response occurs when the nanorod length 

decreases from 110 to 80 nm, indicating that the CDDGS-CMDGS changing point of nanorod 

length for ethanol is located within the range of 110-80 nm. 

As indicated in Figure 3e, the CMDGS is more dominated with the deceasing of nanorod length 

from 80 to 40 nm. However, with the further decreasing of length from 40 to 20 nm, the 
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CMDGS dominating becomes weaker. To understand this mechanism, we estimate the scattering 

length of adsorbed ethanol gaseous molecules on SnO2. Similar to the close relation of Debye 

length to gas sensing of adsorbed oxygen molecules on SnO2,
13 the scattering length of adsorbed 

ethanol molecules shall play an important role for gas-sensing. For a certain gaseous molecule 

adsorbed on the surface of SnO2 nanorod, when its scattering length is large enough to reach the 

bottom film, it shall influence the carrier mobility in the film and hence cause the CMDGS. In 

the case of ethanol, the CDDGS mode exists for 110-nm-length sample and turns to the CMDGS 

when the nanorod length decreases to 80 nm, suggesting that the scattering length of ethanol 

molecules could be in the range of 80-110 nm. For the 40-nm-length nanorods on a 40-nm-

thickness bottom film, all the adsorbed molecules with scattering lengths (80-110 nm) shall be 

capable of influencing the carriers in the bottom film, and hence contributing to the degradation 

of carrier mobility and generating a distinct CMDGS. However, the further shortening of 

nanorods would also decrease the overall number of the adsorbed molecules which leads to a 

degraded capability to influence the carrier mobility, like the case of the 20-nm-length sample 

with a reverse trend of the CMDGS. Therefore, an optimum length of nanorods is achievable for 

obtaining the best CMDGS response, such as 40 nm of nanorod length as the best value for 

ethanol. 

For the sake of further practical applications, detection limitation and long-term stability of 

CMDGS need to be studied. The 40-nm-length SnO2 nanorod array, a typical CMDGS-mode 

gas-sensor, is served as a model gas-sensor. In the study on the detection limit at room 

temperature, different concentrations of ethanol gases (18, 12, 6, and 3 ppm) are introduced. 

Then the 40-nm-length SnO2 nanorod array exhibits corresponding It/I0 of 0.849, 0.921, 0.974, 

and 0.988 (Figure 3f). This concentration-dependent sensitivity indicates that CMDGS of 40-nm-
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length nanorod array has a low detection limit of 3 ppm ethanol gas at room temperature. This 

ethanol-detection limit of the SnO2 nanorod array is competitive as compared with those of other 

SnO2 gas-sensors. For example, 3D hierarchical SnO2 nanorods,26 hierarchical SnO2 

nanostructures,27 and SnO2 particles28 had low detection limits of 1 ppm, 5 ppm, and 1.7 ppm, 

respectively. However, these reported SnO2 gas-sensors needed a high operating temperature (> 

200 ºC), which impedes their room-temperature applications. Our gas sensors under the CMDGS 

mode provide a room-temperature application capability. Additionally, the 40-nm-length SnO2 

nanorod array exhibits a high long-term stability (the inset in Figure 3f). After the sensor 

experiences all the tests shown in Figure 3f and is placed in ordinary surrounding for more than 6 

months without any protections, it still exhibits nearly the same sensitivity as that when it is first 

used in detecting different concentrations of ethanol gases. In detections of 3, 6, 12, and 18 ppm 

ethanol gases, the 40-nm sample after more than 6 months holds the sensitivities of 0.99, 0.97, 

0.92, and 0.84, which are closely similar to the original (i.e., 0.98, 0.97,0.92, 0.85). These results 

confirm that the 40-nm-length SnO2 nanorod array is of a high long-term stability in a 6-month 

measurement.  
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Figure 3. Gas-sensing characteristics of SnO2 nanorod array gas-sensors. (a-d) Gas-sensing 

responses to 25 ppm of ethanol, isopropanol, and acetone gases at room temperature versus time 
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for the SnO2 nanorod arrays with different nanorod lengths, such as 340 nm (a), 140 nm (b), 

110 nm (c), and 40 nm (d). A voltage of 4 V is applied to a device. As the nanorod length 

decreases from 340 to 40 nm, all sensing responses vary from the positive (It/I0 > 1) to the 

negative (It/I0 < 1). (e) The It/I0 of the SnO2 nanorod array gas-sensor versus the nanorod length 

(340, 140, 110, 80, 40, and 20 nm) in the detection of 25 ppm ethanol gas, describing that the 

CMDGS (i.e., It/I0 < 1) substitutes the CDDGS (i.e., It/I0 > 1) as the nanorod length is shorter 

than or equal to 80 nm. (f) Gas-sensing responses to 18, 12, 6, and 3 ppm of ethanol gases at 

room temperature versus time for the 40-nm-length SnO2 nanorod array. The inset compares the 

original It/I0 of the 40 nm one with that after 6 months. 

3.4. The adsorption-induced degradation of carrier mobility in SnO2 nanorod arrays. To 

demonstrate a large adsorption-induced degradation of carrier mobility in the CMDGS of the 40-

nm-length SnO2 nanorod array, the simulation of electric field is firstly performed on two 

representative SnO2 nanorod arrays (i.e., the 340-nm-length and the 40-nm-length SnO2 nanorod 

array). Figure 4a and b display their electric field strengths on two desirable areas: (i) the bottom 

film surface and (ii) the interface between nanorods and the bottom film. It is shown that, on the 

interface between nanorods and the bottom film, the lowest electric field strength of the 40 nm 

sample (0.27×106 V/m) is larger than that of the 340 nm (0.21×106 V/m). The stronger electric 

field strength suggests that the adsorption on the 40-nm-length nanorods might produce a more 

obvious carrier scattering on the bottom film than that of 340-nm-length nanorods, resulting in a 

larger carrier mobility degradation in the 40-nm-length nanorod array.  

Field-effect transistor characterizations, a well-accepted way to the investigation of carrier 

mobility,3 is used to reveal the carrier mobility variation of the SnO2 nanorod arrays after the 

introductions of reducing gases. The 40-nm-length and the 340-nm-length SnO2 nanorod array 
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are fabricated into field-effect transistors. Two 50-nm-thick Pt electrodes are respectively served 

as a source and a drain metal contact. The underlying SiO2 and the p-doped Si substrate are used 

as a gate dielectric and a gate contact, respectively. Figure 4c and d depict Ids-Vds characteristics 

of the 340-nm-length (Figure 4c) and the 40-nm-length SnO2 nanorod array (Figure 4d) 

measured in reducing gas atmospheres (25 ppm of ethanol, isopropanol and acetone) and air at 

room temperature. Among them, Ids and Vds are drain-to-source current and voltage, respectively. 

Vg is the gate voltage and equals to 0 V. It is shown that, as the Vds sweeps from 0 to 5 V, the Ids 

intensity in air is larger than those exposed to reducing gases for the 40-nm-length SnO2 nanorod 

array, while that of the 340-nm-length is reverse. This comparison reveals that the conductivity 

of the 40-nm-length nanorod array decreases after the introduction of reducing gases.29 

In order to measure whether the electron mobility (i.e., carrier-mobility) of the 40-nm-length 

SnO2 nanorod array decreased in the adsorption-induced conductivity reduction or not, Ids-Vg 

transfer curves of the 40-nm-length SnO2 nanorod array in different detected atmospheres are 

measured at Vds = 4 V as compared to that of the 340 nm. It is found that, an Ids-Vg hysteresis in 

reducing gases is large for the 40-nm-length nanorod array, indicating its electron mobility 

should have a distinct variation when the detected atmosphere turns from air to reducing gases.30 

Herein the variation of the electron mobility is defined as (µr - µair)/µair. µr and µair are the 

electron mobilities in the reducing gas and air, respectively. The electron mobility (µ) can be 

estimated using the following expression, Equation 1:3 
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where dIds/dVg is the transconductance extracted from the linear region of the Ids-Vg curve, L is 

the distance between two neighboring electrodes. As the nanorod array has a regular geometry 

and a much larger size (1.2×104 µm2) than the dielectric layer thickness (300 nm), the 

capacitance (Cox) of the nanorod array with respect to the p++ gate (i.e., the Si substrate) can be 

approximated as a capacitance between two parallel plates. Combined with the Equation 1, the 

variation of the electron mobility can be calculated by the Equation 2 as follow: 
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where dIds-r/dVg-r and dIds-a/dVg-a are the transconductances of the Ids-Vg curves in reducing gas 

and air, respectively. Then the electron mobility of the 40-nm-length nanorod array is estimated 

to decrease 92.7, 98.9, and 99.9% after introductions of 25 ppm of ethanol, isopropanol, and 

acetone gases. These more than 90% degradations of the carrier mobility prove a large 

adsorption-induced degradation of carrier mobility in the CMDGS of the 40-nm-length SnO2 

nanorod array. Furthermore, it is confirmed that the large surface area introduced by 40-nm-

length nanorods facilitates an enhanced degradation of electron mobility as compared with that 

of the flat film (see Supporting Information S12).  
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Figure 4. Electric characteristics of SnO2 nanorod arrays. (a and b) Electric field strengths on 

two desirable areas of the 340-nm-length (a) and the 40-nm-length nanorod array (b) in air: (i) 

the bottom film surface and (ii) the interface between nanorods and the bottom film. (c and d) Ids-
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Vds curves of the 340-nm-length (c) and the 40-nm-length SnO2 nanorod array (d) obtained at 

different detected atmospheres, at room temperature, and Vg = 0 V. (e and f) Ids-Vg transfer 

curves of the 340-nm-length (e) and the 40-nm-length SnO2 nanorod array (f) at different 

detected atmospheres, at room temperature, and Vds = 4 V. 

4. CONCLUSIONS 

In summary, we indicate a different gas-sensing mode of CMDGS from the conventional 

CDDGS mode for inorganic semiconductor gas-sensors. To demonstrate this CMDGS, we firstly 

design and fabricate a regular array of SnO2 nanorods on a bottom film, then use it for room 

temperature gas-sensing. By modulating the length of arrayed nanorods, the gas-sensing 

behavior changes from CDDGS to a complete CMDGS mode. Moreover, the realized CMDGS-

mode gas-sensor is of a more than 4-times higher sensitivity than that of the CDDGS-mode. It is 

anticipated that the proposed CMDGS mode shall be applicable to other gas sensing systems of 

different inorganic semiconductors, providing a concept for designing gas-sensors. 
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