
Journal Pre-proof

Size effects of tin oxide quantum dot gas sensors: From partial depletion to volume
depletion

Jianqiao Liu, Jiarong Lv, Jingcheng Shi, Liting Wu, Ningning Su, Ce Fu, Qianru Zhang

PII: S2238-7854(20)32073-1

DOI: https://doi.org/10.1016/j.jmrt.2020.11.107

Reference: JMRTEC 2497

To appear in: Journal of Materials Research and Technology

Received Date: 3 August 2020

Revised Date: 10 November 2020

Accepted Date: 30 November 2020

Please cite this article as: Liu J, Lv J, Shi J, Wu L, Su N, Fu C, Zhang Q, Size effects of tin oxide
quantum dot gas sensors: From partial depletion to volume depletion, Journal of Materials Research and
Technology, https://doi.org/10.1016/j.jmrt.2020.11.107.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 The Author(s). Published by Elsevier B.V.

https://doi.org/10.1016/j.jmrt.2020.11.107
https://doi.org/10.1016/j.jmrt.2020.11.107


 1

Size effects of tin oxide quantum dot gas sensors: From 

partial depletion to volume depletion 

Jianqiao Liu 1,2,*, Jiarong Lv 2, Jingcheng Shi 2, Liting Wu 2, Ningning Su 2, Ce Fu 2,*, Qianru 

Zhang 1,* 

1. Institute of Agriculture Resources and Regional Planning, Chinese Academy of 

Agricultural Sciences, Beijing 100081, China P.R. 

2. College of Information Science and Technology, Dalian Maritime University, Dalian 

116026, Liaoning, China P.R. 

Abstract 

The grain size effect is one of the fundamental characteristics of semiconductor gas sensors. 

However, it has not been fully understood due to the absence of studies on the volume-depleted 

grains. In this work, the gas-sensitive SnO2 quantum dots (QDs) from partial depletion to volume 

depletion are prepared to discuss the size effects. A facile aqueous-based method is used to prepare 

the size-controllable SnO2 QDs of 2.0-12.6 nm. The resistance shows a monotonically negative 

size effect while the response reaches the optimization when the grain radius is comparable to the 

depletion layer width. It is suggested that the design of highly sensitive gas sensors should 

consider the equal importance of the control of grain size and depletion layer width. The 

computational results illustrate size-dependent energy level of donors and number of quasi-free 

electrons, which are responsible for the negative size effect of resistivity in the volume-depleted 

SnO2 crystallites. This work provides a comprehensive understanding of grain size effects from 

partial depletion to volume depletion in semiconductor gas sensors. 
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1. Introduction 

Since its first invention in 1962 [1], tin oxide (SnO2) semiconductor gas sensors have been 

widely used in many fields, such as the gas leakage alarm in exploration of mine and petroleum 

[2], environment monitoring [3] and safety control in houses and factories [4]. Along with the 

minimization of electronic devices during the last decade, the SnO2 gas sensors experienced the 

development history from semiconductor bulks [5], thick films [6], thin films [7] to 

nanostructured devices [8]. Recently, zero-dimensional quantum dots (QDs) also revealed a 

prospective application in gas-sensing devices [9-12]. The reduced dimensions of electronic 

elements requested a shrink of semiconductor grains and further investigations demonstrated that 

the gas-sensing properties were beneficial from such reduction of grain size. Therefore, the grain 

size effect attracted attentions from the researchers, who were dedicated to the fabrication of high 

performance gas sensors. These advanced devices were able to operate at room temperature by the 

chemi-resistive effect taking place on the surface of grains, where the adsorbed oxygen was 

consumed by the reducing gas molecules or oxidizing gas molecules made competitive adsorption 

against oxygen adsorbates [13-16]. 

The grain size effect of SnO2 gas sensors was first discovered by C. Xu’s report in 1991 [17]. 

It concluded that the gas-sensing properties of resistance and response increased with the reducing 

grain size. They had a dramatic increase when the grain radius (RC) was comparable to the 

depletion layer width (w). A neck-controlled model was therefore proposed to quantitatively 

describe the size-dependent sensor response. From then on, a series of investigations were 

completed [18-22]. T. Kida synthesized SnO2 nanoparticles by seed-mediated growth and studied 

the properties of gas-sensing films with controlled particle sizes from 7 to 18 nm. The size of 
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pores among grains was found to be one of the key factors that determined the response of sensors 

[23]. The size effects of SnO2 nano-particles were also reported by K. Suematsu, who changed the 

depletion layer width by controlling the partial pressure of oxygen [24]. These studies illustrated 

the experimental correlation between grain size and gas-sensing properties of SnO2 devices, 

revealing that the resistance and response were of negative dependence on the grain size. 

Meanwhile, some contributions from the theoretical angle provided further discussions on the 

knowledge of the grain size effect [25-28]. In the theory of power law of semiconductors, N. 

Yamazoe provided the size effects of gas-sensing properties to oxygen, reducing gases and 

oxidizing gases [29]. The theory made a modification on the interpretation of the size effect [30]. 

In the model of gradient-distributed oxygen vacancies [31,32], the size effects of SnO2 grains with 

partial and volume depletion were quantitatively concluded. The model forecasted that the reduced 

resistance and response were of negative size effects in partial depleted grains while the size 

effects reversed to be positive in the grains with volume depletion. However, the latter situation 

was not validated by experimental conclusions. 

Indeed, the size effect was ascribed to the proportion of the depletion layer in a semiconductor 

grain. It was known that the depletion layer formed after the oxygen species adsorbed on the grain 

surface and seized free electrons from a certain depth. The width of depletion layer was 

determined by several factors, such as the density of acceptor states on grain surface, the density 

of ionized donors and the operating temperature. Therefore, it could vary in different 

circumstances [17] or be controlled by doping techniques [33]. The width of depletion layer for 

SnO2 was evaluated to be 3-4.2 nm by C. Xu [17] and J. Liu [33,34] and these values were 

generally accepted. However, C. Malagu concluded a much greater value of 14.4 nm [35]. Due to 

Jo
urn

al 
Pre-

pro
of



 5

the finite distance that an individual adsorbed oxygen could reach to capture free electrons and the 

lack of electron supply from the grain bulk [29], the depletion layer width was considered as a 

constant at specific circumstances. The value of the constant was also used as an essential factor in 

several theoretical discussions on gas-sensing mechanism of semiconductors, such as the receptor 

function [36,37], the transducer function [38] and the utility factor [39,40]. The proportion of the 

depletion layer increased along with the reducing grain radius, illustrating a size effect on sensor 

resistance and response. In this case (RC≥w), the grain was partial-depleted. Furthermore, when 

the grain radius was smaller than the depletion layer width (RC<w), the whole grain reached the 

status of volume depletion. 

The previous studies provided understandings of grain size effect from both experimental and 

theoretical sides. All of them were succeed in describing the size effect when RC≥w. However, 

they failed to make the full image of grain size effect due to the absence of details in the case of 

volume depletion. The recent development of SnO2 QD gas sensors, where the grain size was 

usually smaller than 3 nm, driven the demand of knowledge for the gas-sensing properties of the 

volume-depleted grains. It is expected to summarize a comprehensive understanding of the grain 

size effects on semiconductor gas sensors. 

In this work, the SnO2 QDs are prepared in aqueous solution. The hydrothermal treatment is 

used to control the size of QDs to prepare volume-depleted and partial-depleted grains. Their 

gas-sensing characteristics are evaluated and correlated with grain size. The first principle 

calculation based on the density function theory (DFT) is employed to discuss the electron transfer 

in the computational models. The full image of grain size effect from partial depletion to volume 

depletion on SnO2 gas sensors is concluded. 
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2. Materials and methods 

SnO2 gas-sensing QDs were prepared via a facile bottom-up self-assembly route in aqueous 

solution [41-43]. Analytical reagents of 2.257 g SnCl2·2H2O and 0.077 g CH4N2S were dissolved 

into 50 ml deionized water. The solution was stirred in a magnetic stirring apparatus at 25 oC for 

24 hours and the SnO2 QDs were obtained after the hydrolysis and oxidation processes. The size 

of QDs was controlled by the hydrothermal treatment. The QD solution of 10 ml was put into 

polyphenylene autoclaves, which were heated at 200 oC for 0, 4, 8, 12, 16 and 20 hours. The 

obtained QD powder was washed by deionized water for 3 times and dispersed in deionized water. 

The Ag interdigital electrodes, as described in Fig. 1(a) [33], were printed on alumina substrates 

before they were heated at 180 oC for 20 min. The QD suspension was spin-coated on the 

substrates with the spin-coating speed of 1500 rpm. The obtained thin film was dried at 130 oC for 

10 min. The Ohmic contacts between electrodes and thin films were guaranteed based on the I-V 

characterization in the previous work [42]. 

The crystal structures of QD thin films were characterized by X-ray diffraction (XRD) in 

D/MAX-Ultima (Rigaku, Tokyo, Japan). The high resolution transmission electron microscope 

(HRTEM, JEM-3200FS, JEOL, Tokyo, Japan) was used to observe the QD morphology. The 

morphology of the thin film sensor was observed by a scanning electron microscope (SEM, Suppa 

55 Sapphire, Carl Zeiss AG, Germany), which involved an energy dispersive spectrometer (EDS) 

for the element determination. The gas-sensing properties were collected by a computer-controlled 

characterization system, as shown in Fig. 1(b) [33]. The reducing H2 gas was used as the target gas, 

which was injected into the chamber for sensor characterization together with the carrier gas of 

dry air. During the characterization, the resistance of gas sensor was collected continuously before 
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and after a series of gas injections. The sensor response (S) was defined as the ratio of the thin film 

resistance in air (Ra) to the one in the reducing target gas (Rg). 

The first principle calculation was carried out to investigate the size effect on the electrical 

properties of SnO2 crystallites. The DFT in the Cambridge sequential total energy package 

(CASTEP) [44] was used. The Perdew-Burke-Ernzerhof (PBE) function was employed to describe 

the exchange-correlation interaction in the generalized-gradient approximation (GGA). The 

geometry optimization was conducted to the rutile SnO2 tetragonal unit cell before it was used to 

establish structural models. Five super cells were built for SnO2 crystallites with dimensions of 

1×1×2, 2×2×2, 2×2×3, 3×3×3 and 3×3×5. The stoichiometric models were used to evaluate the 

band structures of SnO2 super cells, such as the position of conduction band bottom (EC), valence 

band top (EV) as well as the band gap (Eg). It was known that SnO2 QDs had inherent oxygen 

vacancies [45] so that 25% of oxygen atoms were removed to create oxygen vacancies inside and 

on the surface of crystallites. The crystal plane of (110) was then cleaved because it was the least 

active surface to interact with adsorbed oxygen [46-48]. The oxygen species of O- [49] was 

vertically adsorbed on the surface of super cell. These defective models allowed the evaluation of 

the energy levels provided by the oxygen vacancies and adsorbates after comparing with the 

stoichiometric models. A vacuum region of 15 Å was used to prevent the interaction between 

adjacent layers. A 2×2×1 k-point Monkhorst-Pack mesh and an energy cut-off of 340 eV were 

used. The convergence energy threshold for self-consistent iteration was set to be 10-6 eV and the 

internal stress was less than 0.1 GPa. The density of states (DOS) and Mulliken population 

distribution were extracted to discuss the electron transfer between Sn and O atoms as well as the 

electrical properties. The adsorption energy of oxygen species (Eads) was calculated by 
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Eads=Esubstrate+Eadsorbate-Esubstrate-adsorbate, where Esubstrate, Eadsorbate and Esubstrate-adsorbate were the total 

energy of the super cell, the oxygen adsorbate and the super cell with adsorbed oxygen, 

respectively [50]. 

3. Results and discussion 

3.1. Structure and morphology 

Fig. 2(a) shows the XRD patterns of SnO2 thin films prepared by QDs with various 

hydrothermal treatment times. The peaks of (110), (101) and (211) at 26.6°, 33.9° and 51.8° are 

observed and they are in agreement with the standard pattern of the rutile SnO2 crystal [51]. The 

crystallite size of each sample is evaluated by the Scherrer’s formula. The ultra-small crystallites 

grow up during the bottom-up self-assembly process in the hydrothermal treatment. The crystallite 

size increases from 2 to 8 nm with hydrothermal treatment time but its growth speed slows down 

after 12 hours, as shown in Fig. 2(b). On the contrary, the HRTEM observations from Fig. 2(d) 

illustrate a linear relationship between hydrothermal treatment time and grain size of 2.0-12.6 nm. 

The growth speed is calculated to be 0.5185 nm/h. The different growth correlation between grain 

size and crystallite size infers that secondary grain boundaries start to appear after hydrothermal 

treatment of 12 hours. These conclusions have been stated in our previous work [43]. Considering 

a SnO2 gas sensor is an assembly of semiconductor grains, the grain size from HRTEM 

observation is used in the further discussion of size effect. The measurement of grain size from 

HRTEM is verified by the dynamic light scattering technique in the previous work [41]. Fig. 2(e) 

shows the SEM observation of the gas sensors, which involves polycrystalline thin films 

assembled by a great number of SnO2 QDs. However, the crystallites and the pores among them 

are too small to be distinguished by the SEM technique. The cross section observation 
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demonstrates a thickness of 102 nm for the spin-coated SnO2 QD thin film, as shown in Fig. 2(f). 

EDS analysis is carried out to determine the elements in the thin film sensors. As shown in Fig. 

2(c), only the elements of Sn, O, C and S are detected. It is inferred that C and S are from the 

remaining source material of CH4N2S. The EDS spectrum also makes confirmation that the 

present SnO2 thin films are free of Ag incorporation. Therefore, the effect of Ag doping on sensor 

response [52] is not considered in the discussion of size effect. 

3.2. Gas-sensing characteristics 

The electrical and gas-sensing properties of SnO2 QD thin films are tested at the circumstance 

of room temperature. With the prolongation of hydrothermal treatment time, both of Ra and Rg 

decrease. Nevertheless, the response to H2 gas shows a different correlation. It first increases with 

hydrothermal treatment time, reaching the peak at 12 hours and then turns to descend, as shown in 

Fig. 3(a), where the H2 gas concentration is 2740 ppm. The response of SnO2 QD gas sensor with 

grain size of 2 nm is 12.6, which is different from the previous work [42] because of the changes 

in the sensor fabrication process. Fig. 3(b) shows the transient response of the SnO2 QD thin film 

with grain size of 2 nm, which is exposed to continuous and repeated injections of 2740 ppm H2. 

The thin film sensor shows the good performances of response and repeatability to H2 gas. The 

response time (defined as the time that the response rises from 10% to 90% amplitude) is 1066 s 

and the recovery time (defined as the time that the response descends from 90% to 10% amplitude) 

is 42 s. The correlation of response against gas concentration is plotted in both linear and 

logarithmic coordinates. The slope of linear fitting in the logarithmic coordinates is evaluated to 

be 1.45, which indicates the sensitivity of the SnO2 QD gas sensor. The value of sensitivity over 1 

is much higher than previous gas sensors [8,53-55]. 
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3.3. First principle calculation 

To understand the size effect on the electrical properties of SnO2 gas-sensitive crystallites, the 

structural models for first principle calculation with various dimensions are established, as shown 

in Fig. 4, which shows two of them as illustrations. The oxygen species are of stable adsorption on 

the crystallites because of their positive adsorption energy, as shown in Fig. 5(b). The 

computational models of stoichiometric super cells are used to evaluate the band structures of the 

SnO2 QDs. As shown in the DOS plots in Fig. 5(a), for the stoichiometric super cells, the obvious 

band gaps are observed between the valence band and the conduction band. The defective models 

of SnO2 super cells with adsorbed oxygen are used to simulate actual gas-sensitive crystallites. 

The DOS plots have significant changes after the introduction of oxygen vacancies and adsorbed 

oxygen, which bring additional energy levels in the band gap. 

The Mulliken population distributions of O and Sn atoms are extracted, as shown in Table 1. 

In the SnO2 system, the electron transfer takes place by the donation of Sn atoms and acceptance 

of O atoms. Taking the model of 1×1×2 super cell as an example, each Sn atom donates 1.65 

electrons while each O atom accepts 0.71 electrons. Considering the atom ratio of Sn:O=1:1.5 in 

the oxygen deficient super cell, there are 0.585 electrons donated by each Sn atom but not 

accepted by the O atoms. It infers that these 0.585 electrons are quasi-free in the lattice, locating 

on the energy levels of donors and possibly contributing to the conduction. The number of 

quasi-free electrons provided by an individual Sn atom decreases with the incremental crystallite 

size, showing a negative size effect. 

3.4. Size effect of grains with partial and volume depletion 

The grain size effects on the electrical and gas-sensing properties of SnO2 QDs are discussed 
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in both experimental and computational aspects. Therefore, it is possible to make a full image of 

the size effect for the SnO2 gas-sensitive nanomaterial, from partial depletion to volume depletion. 

Fig. 6(a) illustrates the size effect of experimental resistance and response to 2740 ppm H2 gas 

when the grain size is within 2-12 nm. As expected, the resistance monotonically increases with 

the reducing grain size. However, the sensor response to reducing gas is fitted by a volcano-shape 

curve. This conclusion coincides with the previous result, which is simulated by the model of 

gradient-distributed oxygen vacancies [56]. If the depletion layer width is 4-4.2 nm [33,34], the 

response peak locates in region of double depletion layer width. It infers that the response reaches 

the optimization when RC=w. Therefore, the control of grain size and depletion layer width are of 

equal importance for the design of highly sensitive gas sensors. The degradation of sensor 

performance is observed in the volume-depleted grains. The depletion layer width is 

recommended to be reduced if ultra-small QDs are used to fabricate gas sensors. The 

incorporations of pentavalent elements and oxygen vacancies are effective routes to reduce the 

depletion layer width [17,33]. 

The computational results are employed to interpret the size effect of electrical properties in 

volume-depleted grains. It is concluded that quasi-free electrons are provided by Sn atoms. Taking 

the atom number and cell volume into consideration, the concentration of quasi-free electrons (n0) 

in the super cell can be obtained. These quasi-free electrons locate on the energy level of donors 

(ED). The possibility of transition of quasi-free electrons from ED to conduction band (EC) follows 

the Boltzmann distribution. Thus, the concentration of free electrons (n) for conductance can be 

calculated by n=n0exp[-(EC-ED)/kT], where k and T are the Boltzmann constant and operating 

temperature, respectively. As shown in Fig. 5(a), there is no specific position of ED in defective 

Jo
urn

al 
Pre-

pro
of



 12

SnO2 super cells because the whole band gap is filled by the donor energy levels. For convenience 

in discussion, the weighted average of the donor energy levels is considered as the eigenvalue of 

ED. The position of ED under EC (EC-ED) is dependent on crystallite size, as Fig. 5(b). Then, the 

electron concentration at room temperature can be calculated, as illustrated in Fig. 6(b). So it is 

possible to calculated the resistivity (ρ) by using ρ=1/nqμ, where q is the elementary charge and μ 

is the mobility of electrons (200 cm2/V·S [57]). The resistivity is therefore illustrating a negative 

size effect in the volume-depleted crystallite, as shown in Fig. 6(b), though the number of 

quasi-free electron decreases with reducing crystallite size. 

In the discussion above, the grain size effects on gas-sensitive SnO2 quantum dots are 

investigated by both experimental and computational methods. As shown in Fig. 6(a), the size 

effects on sensor resistance and response to the reducing gas are illustrated for the grains larger 

than 2 nm. Considering the depletion layer width of approximate 4 nm, the size effects of grains 

with volume and partial depletion are revealed. However, it is very difficult to prepare SnO2 QDs 

with crystallite size below 2 nm. Hence, to extend the discussion of size effects on 

volume-depleted grains, the DFT calculation is employed as a supplementary method to illustrate 

the size effect on the electron concentration and resistivity based on the defective super cells with 

various dimensions of 0.4-1.6 nm, as shown in Fig. 6(b). The resistivity of crystallites smaller than 

2 nm demonstrates the same negative size effect as the resistance of the experimental grains. Thus, 

the full image of grain size effect is provided by combining the experimental and computational 

results. For the SnO2 semiconductor, the resistance(resistivity) has a monotonically negative size 

effect while the sensor response reaches the maximum when the grain radius is equal to the 

depletion layer width. It is reserved that the DFT simulated results may deviate from the actuality 
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due to the presumptions in parameter settings in the calculation model, such as the stoichiometry 

and the number of adsorbed oxygen species. 

It is noted that the crystallographic changes may occur during the reducing of grain size, 

accompanied by the changes in the concentration of defects and quasi-free electrons. A 

pronounced faceting would start to take place when the grain size is below 8-10 nm [43]. This 

transformation may potentially influence the surface properties of crystallites, which determine the 

adsorption-desorption processes of oxygen species. However, it is concluded that the (110) facet in 

the SnO2 system has the lowest energy among other facets [58]. Therefore, the (110) facet is the 

most likely grain surface in the polycrystalline composite. Despite to the possible faceting, the 

gas-sensing mechanism of semiconductors is still valid in the SnO2 QD gas sensors. 

As proposed by N. Yamazoe, a classic gas-sensing mechanism of semiconductors consists of 

three parts, namely the receptor function, the transducer function and the utility factor [59]. In the 

mathematical expressions, the operating temperature is a fundamental factor that determines the 

sensor properties. The gas-sensing mechanism do not consider the operating temperature as a 

special factor and so it is valid whenever the gas sensor is under room temperature or a higher 

temperature. The receptor function describes how an individual grain responds to the stimulate gas. 

It includes several aspects, such as the grain size effect, the number and types of adsorbed oxygen, 

the density of donors, the width of depletion layer and so on. According to the temperature 

programmed desorption chromatograms, the adsorbed oxygen species of O2, O2
-, O- and O2- start 

to desorb around 80, 150, 560 and above 600 oC, respectively [60]. The similar result is concluded 

that the adsorbed oxygen would be removed over 250 oC [61]. Thus, it is possible for these 

oxygen species to adsorb on the grain surface at low temperature, even at room temperature. 
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However, only chemical adsorbed species are able to seize electrons in SnO2 grains to complete 

the gas-sensing mechanism when they release the captured electrons back to grains after the 

exposure to the reducing gas. Thus, the physical adsorption of oxygen is not taken into 

consideration because of its minor impacts on sensor response. In the cutting-edge gas sensors 

operated at room temperature, three chemical adsorbed oxygen species make joint contribution to 

the sensor response. Hence, it is necessary to discuss the grain size effect of the advanced sensors 

with partial/volume-depleted nano-sized grains. Nevertheless, the contribution of each type of 

oxygen species is expected to be discussed in further investigations. Moreover, the humidity can 

make impacts on the type of adsorbates [37]. In case of low humidity (less than 0.01%), the O2- 

type dominates over the O- type. However, the formation of O2- ions is suppressed and replaced by 

only O- ions. Therefore, the operating temperature and humidity may influence the gas-sensing 

properties of semiconductors by changing the type and number of adsorbed oxygen. To minimize 

the impacts from aerial humidity, the dry air is used as the carrier gas during the sensor 

characterization. 

Another two parameters in the utility factor are the pore size and film thickness, which 

dominate the gas diffusion process. The thickness of the present spin-coated thin film is 102 nm, 

which is identical throughout the discussion of size effect. The pore size, which is difficult to be 

observed by the SEM characterization, is considered to be the same order of magnitude as the 

grain size [23]. According to the mathematical functions of the utility factor [39,40], the sensor 

response is of positive dependence on the pore size because the increasing pore size benefits for 

the diffusion of the target gas inside the thin film. Thus, the size effect observed in this work 

involves the circumstance that the thin film has the approximately same size of grains and pores. 
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If the pore size is assumed to be identical in the thin films with various grain sizes, it is expected a 

more significant size effect on the response in the semiconductor gas sensors. 

4. Conclusions 

In conclusion, the present work discusses the grain size effect on electrical and gas-sensing 

properties of SnO2 QDs by both experimental and computational methods. The resistance shows a 

monotonically negative size effect while the response reaches the optimization when the grain 

radius is comparable to the depletion layer width. It is of equal importance for the gas sensor 

design that the control of grain size and depletion layer width. The computational discussion 

concluded that both of EC-ED and quasi-free electron number decrease with size and their opposite 

contributions on conductance lead to a negative size effect of resistivity in volume-depleted SnO2 

crystallites. This work has contributed a comprehensive understanding of grain size effect of 

gas-sensitive semiconductor. The full image of size effects from partial depletion to volume 

depletion is described. 
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Figure captions 

Fig. 1 Schematic drawing of (a) the SnO2 QD thin film gas sensor with Ag interdigital 

electrodes on the alumina substrate and (b) the computer-controlled characterization 

system for gas sensors. 

Fig. 2 Crystal structure and morphology of size-controllable SnO2 QDs with hydrothermal 

treatment time of 0-20 h: (a) XRD patterns of SnO2 QDs as well as the standard 

diffraction pattern of SnO2; (b) Estimated crystallite size and grain size; (c) EDS spectrum; 

(d) HRTEM, (e) SEM and (f) cross section observations. 

Fig. 3 Gas-sensing characteristics of SnO2 QDs: (a) Dependences of resistance and response on 

hydrothermal treatment time; (b) Transient response to continuous and repeated injections 

of H2 and correlation of response against gas concentration in the linear and logarithmic 

coordinates. 

Fig. 4 Structural models for first principle calculation of (a) 1×1×2 and (b) 3×3×5 SnO2 super 

cells with 25% oxygen vacancies and adsorbed oxygen on the surface. 

Fig. 5 (a) Density of states of SnO2 super cells and (b) the dependence of EC-ED and adsorption 

energy of oxygen species on crystallite size. 

Fig. 6 Grain size effect on the electrical and gas-sensing properties of SnO2 QDs: (a) 

Experimental resistance and response of SnO2 grains with volume and partial depletion; 

(b) Computational resistivity and electron concentration in SnO2 crystallites. 
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Table captions 

Tab. 1. Mulliken population distribution of O and Sn atoms in the computational model with 

various dimensions. 
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Table 1. Mulliken population distribution of O and Sn atoms in the computational 

model with various dimensions. 

Structure 
Size 

(nm) 

O charge 

(e) 

Sn charge 

(e) 

Quasi-free electron 

(e) 

1×1×2 0.474 -0.71 1.65 0.585 

2×2×2 0.637 -0.80 1.59 0.390 

2×2×3 0.956 -0.81 1.58 0.365 

3×3×3 1.421 -0.84 1.55 0.290 

3×3×5 1.593 -0.86 1.51 0.220 
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