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Abstract

The grain size effect is one of the fundamentatattaristics of semiconductor gas sensors.
However, it has not been fully understood due #dhsence of studies on the volume-depleted
grains. In this work, the gas-sensitive SrDantum dots (QDs) from partial depletion to vodum
depletion are prepared to discuss the size effAdtcile aqueous-based method is used to prepare
the size-controllable SnARDs of 2.0-12.6 nm. The resistance shows a moiuaibn negative
size effect while the response reaches the optilmizavhen the grain radius is comparable to the
depletion layer width. It is suggested that theiglesof highly sensitive gas sensors should
consider the equal importance of the control ofigrsize and depletion layer width. The
computational results illustrate size-dependentgynievel of donors and number of quasi-free
electrons, which are responsible for the negatixe sffect of resistivity in the volume-depleted
SnQ, crystallites. This work provides a comprehensinelarstanding of grain size effects from
partial depletion to volume depletion in semicortdugas sensors.
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1. Introduction

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

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

[2], environment monitoring [3] and safety continlhouses and factories [4]. Along with the

minimization of electronic devices during the ldstcade, the SnQyas sensors experienced the

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

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

prospective application in gas-sensing devices2[9-The reduced dimensions of electronic

elements requested a shrink of semiconductor geaidsfurther investigations demonstrated that

the gas-sensing properties were beneficial front saduction of grain size. Therefore, the grain

size effect attracted attentions from the reseasclgho were dedicated to the fabrication of high

performance gas sensors. These advanced deviceshlerto operate at room temperature by the

chemi-resistive effect taking place on the surfategrains, where the adsorbed oxygen was

consumed by the reducing gas molecules or oxidigasggmolecules made competitive adsorption

against oxygen adsorbates [13-16].

The grain size effect of Sp@as sensors was first discovered by C. Xu’s repat®91 [17].

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

grain size. They had a dramatic increase when than gadius R:) was comparable to the

depletion layer widthw). A neck-controlled model was therefore proposedjuantitatively

describe the size-dependent sensor response. Fremadn, a series of investigations were

completed [18-22]. T. Kida synthesized Sn@anoparticles by seed-mediated growth and studied

the properties of gas-sensing films with controlptticle sizes from 7 to 18 nm. The size of



pores among grains was found to be one of thed@ypifs that determined the response of sensors

[23]. The size effects of SnMano-particles were also reported by K. Suematbo,changed the

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

the experimental correlation between grain size gastsensing properties of Sn@evices,

revealing that the resistance and response wereegétive dependence on the grain size.

Meanwhile, some contributions from the theoretigable provided further discussions on the

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

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

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

In the model of gradient-distributed oxygen vacasgB1,32], the size effects of Sp@rains with

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

resistance and response were of negative sizeteffeqgartial depleted grains while the size

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

was not validated by experimental conclusions.

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

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

surface and seized free electrons from a certapthderhe width of depletion layer was

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

of ionized donors and the operating temperatureerdibre, it could vary in different

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

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

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



the finite distance that an individual adsorbedgetycould reach to capture free electrons and the

lack of electron supply from the grain bulk [2%etdepletion layer width was considered as a

constant at specific circumstances. The value®ttnstant was also used as an essential factor in

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

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

depletion layer increased along with the reducirajngradius, illustrating a size effect on sensor

resistance and response. In this cd&eW), the grain was partial-depleted. Furthermore, rwhe

the grain radius was smaller than the depletioerlayidth R-<w), the whole grain reached the

status of volume depletion.

The previous studies provided understandings ohgiiae effect from both experimental and

theoretical sides. All of them were succeed in desg the size effect wheR>w. However,

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

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

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

volume-depleted grains. It is expected to summaizemprehensive understanding of the grain

size effects on semiconductor gas sensors.

In this work, the Sn@QDs are prepared in aqueous solution. The hydnoidletreatment is

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

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

calculation based on the density function theorly{Pis employed to discuss the electron transfer

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

depletion on Sn@gas sensors is concluded.



2. Materialsand methods

SnQ, gas-sensing QDs were prepared via a facile botfporself-assembly route in aqueous
solution [41-43]. Analytical reagents of 2.257 ¢C&n2H,0 and 0.077 g CkN,S were dissolved
into 50 ml deionized water. The solution was stirie a magnetic stirring apparatus at°g5for
24 hours and the Sh@Ds were obtained after the hydrolysis and oxalaprocesses. The size
of QDs was controlled by the hydrothermal treatmdite QD solution of 10 ml was put into
polyphenylene autoclaves, which were heated at°@0r 0, 4, 8, 12, 16 and 20 hours. The
obtained QD powder was washed by deionized wated fones and dispersed in deionized water.
The Ag interdigital electrodes, as described in Eig) [33], were printed on alumina substrates
before they were heated at 180 for 20 min. The QD suspension was spin-coatedhen
substrates with the spin-coating speed of 1500 fijra.obtained thin film was dried at 130 for
10 min. The Ohmic contacts between electrodes linditms were guaranteed based on the I-V
characterization in the previous work [42].

The crystal structures of QD thin films were chésazed by X-ray diffraction (XRD) in
D/MAX-Ultima (Rigaku, Tokyo, Japan). The high resbn transmission electron microscope
(HRTEM, JEM-3200FS, JEOL, Tokyo, Japan) was useohserve the QD morphology. The
morphology of the thin film sensor was observedlscanning electron microscope (SEM, Suppa
55 Sapphire, Carl Zeiss AG, Germany), which invdlem energy dispersive spectrometer (EDS)
for the element determination. The gas-sensinggtigs were collected by a computer-controlled
characterization system, as shown in Fig. 1(b).[BBg reducing klgas was used as the target gas,
which was injected into the chamber for sensor adtarization together with the carrier gas of

dry air. During the characterization, the resistaotgas sensor was collected continuously before



and after a series of gas injections. The sensporese § was defined as the ratio of the thin film
resistance in airRy) to the one in the reducing target gag (

The first principle calculation was carried outitwestigate the size effect on the electrical
properties of Sn@ crystallites. The DFT in the Cambridge sequenttdhl energy package
(CASTEP) [44] was used. The Perdew-Burke-ErnzefRBE) function was employed to describe
the exchange-correlation interaction in the gemegdigradient approximation (GGA). The
geometry optimization was conducted to the ruti®sStetragonal unit cell before it was used to
establish structural models. Five super cells viené for SnQ crystallites with dimensions of
1x1x2, 2x2x2, 2x2x3, 3x3x3 and 3x3x5. The stoicleinim models were used to evaluate the
band structures of SpQuper cells, such as the position of conductiordbdzottom Ec), valence
band top Ev) as well as the band gafg). It was known that SnOQDs had inherent oxygen
vacancies [45] so that 25% of oxygen atoms wereweih to create oxygen vacancies inside and
on the surface of crystallites. The crystal plah€l&0) was then cleaved because it was the least
active surface to interact with adsorbed oxygen48p The oxygen species of  @49] was
vertically adsorbed on the surface of super cdlese defective models allowed the evaluation of
the energy levels provided by the oxygen vacanaime$ adsorbates after comparing with the
stoichiometric models. A vacuum region of 15 A wesed to prevent the interaction between
adjacent layers. A 2x2x1 k-point Monkhorst-Pack lmasd an energy cut-off of 340 eV were
used. The convergence energy threshold for seKistamt iteration was set to be®16V and the
internal stress was less than 0.1 GPa. The deonsistates (DOS) and Mulliken population
distribution were extracted to discuss the electransfer between Sn and O atoms as well as the

electrical properties. The adsorption energy of gexy species H,y) was calculated by



Eads: ESJbstraIe+EadsorbaIe' Es.;bstraieadsorbale: where Es.;bstrale: Eadsorbale and Esubstrateadsorbate were the total

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

respectively [50].

3. Resultsand discussion

3.1. Structureand morphology

Fig. 2(a) shows the XRD patterns of Sn@in films prepared by QDs with various

hydrothermal treatment times. The peaks of (111)1) and (211) at 26.6°, 33.9° and 51.8° are

observed and they are in agreement with the stdruktern of the rutile SnCrystal [51]. The

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

grow up during the bottom-up self-assembly proges$se hydrothermal treatment. The crystallite

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

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

illustrate a linear relationship between hydrotha@rtreatment time and grain size of 2.0-12.6 nm.

The growth speed is calculated to be 0.5185 nniib. different growth correlation between grain

size and crystallite size infers that secondaryngbaundaries start to appear after hydrothermal

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

a SnQ gas sensor is an assembly of semiconductor gr#es,grain size from HRTEM

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

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

shows the SEM observation of the gas sensors, wimeblves polycrystalline thin films

assembled by a great number of $IDs. However, the crystallites and the pores antbham

are too small to be distinguished by the SEM teplmi The cross section observation



demonstrates a thickness of 102 nm for the spitedo&nQ QD thin film, as shown in Fig. 2(f).
EDS analysis is carried out to determine the elésnenthe thin film sensors. As shown in Fig.
2(c), only the elements of Sn, O, C and S are tidedt is inferred that C and S are from the
remaining source material of GNLS. The EDS spectrum also makes confirmation that th
present Snethin films are free of Ag incorporation. Therefptiee effect of Ag doping on sensor
response [52] is not considered in the discussiaize effect.
3.2. Gassensing characteristics

The electrical and gas-sensing properties of SpD thin films are tested at the circumstance
of room temperature. With the prolongation of hylesmal treatment time, both & and R,
decrease. Nevertheless, the response galdl shows a different correlation. It first in@es with
hydrothermal treatment time, reaching the peakdtdurs and then turns to descend, as shown in
Fig. 3(a), where the Hyas concentration is 2740 ppm. The response of Dgas sensor with
grain size of 2 nm is 12.6, which is different frdine previous work [42] because of the changes
in the sensor fabrication process. Fig. 3(b) shihvegransient response of the Sr@D thin film
with grain size of 2 nm, which is exposed to cambins and repeated injections of 2740 ppsn H
The thin film sensor shows the good performancemespponse and repeatability t@ bias. The
response time (defined as the time that the regposss from 10% to 90% amplitude) is 1066 s
and the recovery time (defined as the time thatésponse descends from 90% to 10% amplitude)
is 42 s. The correlation of response against gaerdration is plotted in both linear and
logarithmic coordinates. The slope of linear figtim the logarithmic coordinates is evaluated to
be 1.45, which indicates the sensitivity of the $QD gas sensor. The value of sensitivity over 1

is much higher than previous gas sensors [8,53-55].



3.3. First principle calculation

To understand the size effect on the electricgb@riies of Sn@gas-sensitive crystallites, the

structural models for first principle calculationtlivvarious dimensions are established, as shown

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

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

computational models of stoichiometric super cails used to evaluate the band structures of the

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

band gaps are observed between the valence bartieandnduction band. The defective models

of SnG super cells with adsorbed oxygen are used to aiedctual gas-sensitive crystallites.

The DOS plots have significant changes after titv@diuction of oxygen vacancies and adsorbed

oxygen, which bring additional energy levels in bzad gap.

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

In the SnQ system, the electron transfer takes place by dmattbn of Sn atoms and acceptance

of O atoms. Taking the model of 1x1x2 super celhasexample, each Sn atom donates 1.65

electrons while each O atom accepts 0.71 elect@ossidering the atom ratio of Sn:0=1:1.5 in

the oxygen deficient super cell, there are 0.5&xtedns donated by each Sn atom but not

accepted by the O atoms. It infers that these 0Oeb@&rons are quasi-free in the lattice, locating

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

guasi-free electrons provided by an individual Snmadecreases with the incremental crystallite

size, showing a negative size effect.

34. Sizeeffect of grainswith partial and volume depletion

The grain size effects on the electrical and gasisg properties of SDs are discussed

10



in both experimental and computational aspectsrefbee, it is possible to make a full image of

the size effect for the Sp@as-sensitive nanomaterial, from partial depletmxolume depletion.

Fig. 6(a) illustrates the size effect of experinaémesistance and response to 2740 pphgas

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

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

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

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

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

the optimization wheR-=w. Therefore, the control of grain size and depietayer width are of

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

performance is observed in the volume-depleted ngraiThe depletion layer width is

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

incorporations of pentavalent elements and oxygesancies are effective routes to reduce the

depletion layer width [17,33].

The computational results are employed to interhretsize effect of electrical properties in

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

the atom number and cell volume into consideratio@,concentration of quasi-free electrong (

in the super cell can be obtained. These quasidiesrons locate on the energy level of donors

(Ep). The possibility of transition of quasi-free dlens fromEp to conduction bandeg) follows

the Boltzmann distribution. Thus, the concentratdriree electronsn) for conductance can be

calculated byn=ngexp[-(Ec-Ep)/kT], wherek and T are the Boltzmann constant and operating

temperature, respectively. As shown in Fig. 5(a¢re is no specific position &p in defective

11



SnQ, super cells because the whole band gap is fileithé donor energy levels. For convenience
in discussion, the weighted average of the donerggnlevels is considered as the eigenvalue of
Ep. The position ofEp underEc (Ec-Ep) is dependent on crystallite size, as Fig. 5(iher; the
electron concentration at room temperature canabmilated, as illustrated in Fig. 6(b). So it is
possible to calculated the resistivip) py usingp=1/ngu, whereq is the elementary charge and

is the mobility of electrons (200 éfv-S [57]). The resistivity is therefore illustnagj a negative
size effect in the volume-depleted crystallite, dwn in Fig. 6(b), though the number of
quasi-free electron decreases with reducing ctitstalze.

In the discussion above, the grain size effectsgas-sensitive SnOquantum dots are
investigated by both experimental and computationathods. As shown in Fig. 6(a), the size
effects on sensor resistance and response to dioeimg gas are illustrated for the grains larger
than 2 nm. Considering the depletion layer widtlapproximate 4 nm, the size effects of grains
with volume and partial depletion are revealed. sy, it is very difficult to prepare SA@Ds
with crystallite size below 2 nm. Hence, to extettte discussion of size effects on
volume-depleted grains, the DFT calculation is exygtl as a supplementary method to illustrate
the size effect on the electron concentration asdtivity based on the defective super cells with
various dimensions of 0.4-1.6 nm, as shown in &{). The resistivity of crystallites smaller than
2 nm demonstrates the same negative size effélseassistance of the experimental grains. Thus,
the full image of grain size effect is provided dymbining the experimental and computational
results. For the Srnisemiconductor, the resistance(resistivity) hasoaatonically negative size
effect while the sensor response reaches the maximben the grain radius is equal to the

depletion layer width. It is reserved that the Ddtifiulated results may deviate from the actuality

12



due to the presumptions in parameter settingsercéiculation model, such as the stoichiometry
and the number of adsorbed oxygen species.

It is noted that the crystallographic changes meguo during the reducing of grain size,
accompanied by the changes in the concentratiordedécts and quasi-free electrons. A
pronounced faceting would start to take place wtengrain size is below 8-10 nm [43]. This
transformation may potentially influence the suefacoperties of crystallites, which determine the
adsorption-desorption processes of oxygen spdd@sever, it is concluded that the (110) facet in
the SnQ system has the lowest energy among other fac8is Therefore, the (110) facet is the
most likely grain surface in the polycrystallinengaosite. Despite to the possible faceting, the
gas-sensing mechanism of semiconductors is stitl rathe SnQ QD gas sensors.

As proposed by N. Yamazoe, a classic gas-sensicganesm of semiconductors consists of
three parts, namely the receptor function, thesttaner function and the utility factor [59]. In the
mathematical expressions, the operating temperausefundamental factor that determines the
sensor properties. The gas-sensing mechanism deomsider the operating temperature as a
special factor and so it is valid whenever the g@ssor is under room temperature or a higher
temperature. The receptor function describes hoim@imidual grain responds to the stimulate gas.
It includes several aspects, such as the graireffizet, the number and types of adsorbed oxygen,
the density of donors, the width of depletion lagerd so on. According to the temperature
programmed desorption chromatograms, the adsorbggen species of HO,, O and G start
to desorb around 80, 150, 560 and above°6)@espectively [60]. The similar result is conetdd
that the adsorbed oxygen would be removed over°25061]. Thus, it is possible for these

oxygen species to adsorb on the grain surfacevattéonperature, even at room temperature.

13



However, only chemical adsorbed species are abdeire electrons in Sp@rains to complete
the gas-sensing mechanism when they release thiaredpelectrons back to grains after the
exposure to the reducing gas. Thus, the physicabration of oxygen is not taken into
consideration because of its minor impacts on seresponse. In the cutting-edge gas sensors
operated at room temperature, three chemical agdakygen species make joint contribution to
the sensor response. Hence, it is necessary tosdisice grain size effect of the advanced sensors
with partial/volume-depleted nano-sized grains. @itheless, the contribution of each type of
oxygen species is expected to be discussed inefuiivestigations. Moreover, the humidity can
make impacts on the type of adsorbates [37]. Ie cddow humidity (less than 0.01%), thé O
type dominates over the' @pe. However, the formation offQons is suppressed and replaced by
only O ions. Therefore, the operating temperature andiditymmay influence the gas-sensing
properties of semiconductors by changing the tymermumber of adsorbed oxygen. To minimize
the impacts from aerial humidity, the dry air isedsas the carrier gas during the sensor
characterization.

Another two parameters in the utility factor are@ thore size and film thickness, which
dominate the gas diffusion process. The thicknésseopresent spin-coated thin film is 102 nm,
which is identical throughout the discussion okesgffect. The pore size, which is difficult to be
observed by the SEM characterization, is considévelde the same order of magnitude as the
grain size [23]. According to the mathematical fimws of the utility factor [39,40], the sensor
response is of positive dependence on the porebsieause the increasing pore size benefits for
the diffusion of the target gas inside the thimfilThus, the size effect observed in this work

involves the circumstance that the thin film has #pproximately same size of grains and pores.

14



If the pore size is assumed to be identical inthire films with various grain sizes, it is expected

more significant size effect on the response irsdgraiconductor gas sensors.

4, Conclusions

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

properties of Sn@QDs by both experimental and computational methdde resistance shows a

monotonically negative size effect while the resgmmeaches the optimization when the grain

radius is comparable to the depletion layer widths of equal importance for the gas sensor

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

concluded that both d&c-Ep and quasi-free electron number decrease withasideheir opposite

contributions on conductance lead to a negative affect of resistivity in volume-depleted SnO

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

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

depletion is described.
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Figure captions

Fig.1 Schematic drawing of (a) the Sp@D thin film gas sensor with Ag interdigital

electrodes on the alumina substrate and (b) thepetamncontrolled characterization

system for gas sensors.

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

treatment time of 0-20 h: (a) XRD patterns of $nQ@Ds as well as the standard

diffraction pattern of Sng) (b) Estimated crystallite size and grain siz¢ HDS spectrum;

(d) HRTEM, (e) SEM and (f) cross section observaio

Fig. 3 Gas-sensing characteristics of SH@Ds: @) Dependences of resistance and response on

hydrothermal treatment timeh) Transient response to continuous and repeatedtions

of H, and correlation of response against gas concemtrit the linear and logarithmic

coordinates.

Fig.4 Structural models for first principle calculatioh @) 1x1x2 and (b) 3x3x5 SaQuper

cells with 25% oxygen vacancies and adsorbed oxggehe surface.

Fig.5 (a) Density of states of SaBuper cells and (b) the dependenc&g®Ep and adsorption

energy of oxygen species on crystallite size.

Fig. 6 Grain size effect on the electrical and gas-sengingperties of Sn® QDs: @)

Experimental resistance and response of ,Syr@ns with volume and partial depletion;

(b) Computational resistivity and electron concemrain SnQ crystallites.
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Table captions

Tab. 1. Mulliken population distribution of O and &toms in the computational model with
various dimensions.
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Table 1. Mulliken population distribution of O arfgh atoms in the computational

model with various dimensions.

Size O charge Sncharge  Quasi-free electron
Structure
(nm) (e) (e) (e)
1x1x2 0.474 -0.71 1.65 0.585
2x2%2 0.637 -0.80 1.59 0.390
2x2x3 0.956 -0.81 1.58 0.365
3x3x3 1.421 -0.84 1.55 0.290

3x3x5 1.593 -0.86 1.51 0.220
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