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Dependence of sensitivity of SnO , thin-film gas sensors
on vacancy defects
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Department of Electrical and Computer Engineering, Division of Computer Science, National Technical
University of Athens, 157 73 Zographou, Athens, Greece
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Oxygen flow during dc reactive sputtering of Sniin films affects film conductivity in zero grade

air and gas sensitivity to carbon monoxide and ethanol. The experimental results show that an
increase in oxygen flow during film deposition produces films exhibiting higher conductivity in zero
grade air and lower gas sensitivity. A theoretical model is presented that explains this behavior. The
proposed model takes into account both the dependence of conductivity on the potential barrier
height at grain boundaries of the film and the dependence of chemisorption rate of oxygen on
free-electron availability. The theoretical analysis is in good qualitative agreement with experiment.
© 1996 American Institute of Physids$0021-897@6)05122-5

I. INTRODUCTION different discharge modes may be obtained, the metallic
Tin oxide films are used as gas sensors due to their hig od(fe and the react(ljve _rr;]ode, where thde targ(?rthls respectlvzly
sensitivity. In the presence of small amounts of some gas Lee from or covered with reaction products. The compoun

of interest, such us carbon monoxide, ethanol, and metharLgrmaﬂon reactip_ns are desirable in the metallic mode for
the film conductance chang&Jin oxide is a wide band gap igh rate_deposmons, a_nd fqr a more precise control of the
(3.6 V) n-type semiconductor, whose conductivity dependso2/sn ratio of.thg depos[ted film. This necessitates the use of
upon oxygen vacanciésThe conductance of SpCfilms @ Plasma emission monit¢PEM) system, that allows us to
may be altered by changes in film stoichiometry. The presS€lect and maintain the degree of target oxidatierith the
ence of oxidizing gases decreases film conductance, whereld €mission line intensity at 450 nm as a measurand for the
the presence of reducing gases increasésiterefore, the CONtrol loop of the reactive gas mass flow controller.
presence of reducing gases in the ambient air can be sensed Films were fabricated ata relatively high total gas pres-
via the effect they have on the conductance of the files ~ SUre of approximately 1010 - mbar. The substrate holder

sistive type gas sensorsThe range of applications of this Was ata distanc_e of 7 cm from the 1oocm-in-diameter Farget.
type gas sensors is limited by the poor selectivity they Have.The total power into the tin targé99.99% was 115 W with

Efforts to enhance the selectivity have been focused on th@ total current of 0.36 A, thus achieving a deposition rate of
addition of catalysts, promoters and filters on the Sfilm.> ~ @pproximately 100 nm/min. The argon flow was adjusted
As the principles of catalysis are not yet well understood, thananually at 20 ml/min, while the oxygen intake was con-

problem has not been yet solved, although some progress higlled by the aforementioned PEM control unit, so that the
been made. intensity of the tin emission line remained constant.

The need of sensors with various characteristics for ap-  BY varying deposition temperature and pressure we can
plications in sophisticated systems such us neural network§ontrol film structure. Density and crystallite size increase
motivates the design of sensors with various stoichiometriedVith temperature. At a deposition temperature of 460 °C low
One way to obtain this is to control the O:Sn ratio in tin density films(43% single crystalwith a medium crystallite
oxide thin films by varying the oxygen flow during reactive Size (11 nm and a high specific are450 nr/g) are
sputtering deposition. Since the amount of oxygen vacancid%rOdUCGd This structure is suitable to obtain better sensitiv-
in tin oxide film is the main electron donor, the conductivity Iy, but the mechanical properties of the film depend on the
of these films may be used to monitor the film stoichiometry.density in opposite direction to the sensitivity. For higher

In this work, the conductivity of tin oxide thin films deposition temperatures560 °O, the microstructure be-
produced by reactive dc sputtering in various oxygen flows i£0mes more dens@5% single crystalwith a larger crystal-
studied in zero grade air as well as in CO and ethanol ambfite Size (30 nm and a lower specific areél5 nt/g). A
ent. A theoretical model is proposed to explain the experiScanning electron micrograph of such a sample shows a fine
mental results for both the conductivity and the sensitivity ofodular microstructure with spherical grains. The total pres-

these films. sure during deposition is known to affect film structfire.
Films are compact for total pressure less thail6 2 mbar,
Il. EXPERIMENTAL TECHNIQUES become columnar for pressures up to 0.8 mbar and become
. i i spongy for pressure higher than 0.8 mbar.
Deposition of SnQfilms was performed with a Leybold The deposition of our films was carried out on,@}

Z-400 planar magnetron sputtering system, which was dghstrate with dimensions ¥26 mm, heated at 300 °C. At
operated in a controlled, high-purity Aramixture. TWO  his temperature the film consists mainly[@f.0] crystallites.
Crystallinity and morphology of the Sp@ilms were studied
3E|ectronic mail: abari@cs.ntua.gr by x-ray diffraction (XRD) and scanning electron micros-
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FIG. 1. Crystal structure vs substrate temperature during film deposition.FIG. 2. Experimental results showing the resistance of films prepared at
different oxygen mass flow values against working temperature.

During the aforementioned measuring cycles, the resis-
copy. The results are summarized in Fig. 1. As shown in Figtance of the samples was recorded at 5 °C intervals as the
1, the deposited films are composed of crystallites withsamples were cooled from 450 to 150 °C. The cooling speed
[110], [101], [200], [211], [220] orientations. The XRD was 10 °C/min. At temperatures above 250 °C, such a speed

analysis shows that the orientatiph10] dominates if the ensures that no significant transient effects o&cur.
substrate temperature is around 300 °C during deposition.

_Film dimensions were 1:22.0 mm approximately, ob- '\, ey pERIMENTAL RESULTS AND DISCUSSION

tained using a metal contact mask. The mask was cleaned in
HCI solution each time before sputtering, in order to remove  The conductivity against temperature in zero grade air is
SnQ, remains from previous deposition runs. The films wereshown in Fig. 2 for three samples prepared with different
fabricated with a constant Ar flow of 20.0 ml/min and a oxygen flows. It is apparent that the conductivity of the
variable Q flow, in order to achieve different oxygen to tin samples increases with increasing film oxygen content.
ratio in each film. Oxygen flow was varied from 24 to 45 These results seem to be contradictory, because it is known
ml/min, so oxygen to tin ratio was varied from 1.2 to 2.25. If that oxygen vacancies in tin oxide act as electron ddfiors
O,/Sn ratio is low, the films have a metallic composition andand thus they tend to increase the conductivity of the film.
cannot function as gas sensors; i§/8n ratio is relatively The number of oxygen vacancies is expected to increase in
high, the fabricated films are highly resistitgmall concen- low oxygen flows during the film deposition. We will show
tration of oxygen vacancigsand again cannot function as that such an effect may be expected in the case of either
sensors. The sputtering system was operated in constant cmall grain size films or films with high O:Sn ratio.
rent mode. The thickness of all films fabricated was equal to At a first approximation, the intergranular conductance
2000 nm(20 min sputtering time G of SnQ, films at a temperatur& may be describéd by

The sensor characterization setup was designed to mekq. (1)
sure the stefady state and the_ transient response of th_e G=GonoRe ¥, 1)
samples, testing them under various temperatures and ambi-
ent gases. The testing conditions are rigorously controlledvheren, is the electron concentration in flat-band condition,
via a fully automated, computer controlled system. All sen-Go is a factor which includes charge and mobility of carriers
sors have been characterized according to the following exand geometrical effectgy;= SAy; is the dimensionless band
perimental procedure: bending at grain surfacd? represents band bending at the

(i) The samples were heated to 450 °C and cooled backenter of the grairficonsidered as an offgednd the term
to 150 °C in zero grade air. This step was repeated three
times before starting film characterization, in order to clean — (#s—In R) (2)
the samples from water vapor remains. B

(i) The samples were heated to 450 °C in zero grade aiiis the Schottky barriey. The transformation to dimension-
Then CO was introduced in the chamber with concentratiotess form is obtained by the following way: ¥f is the bend-
of 2650 ppm, and the samples were cooled back to 150 °Cing of the semiconductor energy bands at the surface, then it

(iii) The samples were heated to 450 °C and cooled bacis assumed thag,=y,+ Ay, wherey, is constant so that
to 150 °C in zero grade air. Ay, is zero at the centre of the grain. Thénis the term

(iv) Step(ii) was repeated but with a test gas composi-exp(—B8Y,) and i is the termBAy,. The voltage drop at
tion of 30 ppm ethanol in zero grade air instead of CO.  each intergranular contact has been assumed to be less than

(v) Step(iii) was repeated. 1/8=kT/q so that voltage dependence of current is omic
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for the voltages applied to the sample. Under real atmo- Since the dimensionless bendirigs considered to have
spheric conditions the barrier energy is a function of tem-an offset it must be zero at=0. Moreover, due to symmetry,
peratureT, oxygen partial pressure and the partial pressured(0)/dz=0 also. An approximate solution fa¥ is

of other reducing or oxidizing gases. Equatidn is appli- N 22
cable to the temperature range where the concentration of z)= — — (8)
ionized donors is approximately independent of temperature. no W

It is worth noting that native donor levels of 0.03—0.034 eV By integrating Eq.(4) from ¢=0 to y==y(A\W/2), we
and 0.14-0.15 eV below the conduction band edge-iype  5ye

tin dioxide'! are generally thought to result from the single

and double ionization of oxygen vacancies. 1[dy
Film conductivity increases with increasing free-electron 2 | dz ,

concentration. But, according to the kinetics of the chemi- _ ) ) )

sorption of oxygen on tin oxide, the increasing concentratiorf"hereys is the dimensionless bending at the surface. Replac-

of free electrons favors the generation of oxygen adatom#d in Ed.(9) the dimensionless surface bendipgfrom Eq.

2
) =i¢s—R(1—e %), 9
=N\(w/2)

according to Eq(3): (8) and with the help of Eq(6), we obtain
_ _ 1gN?’B gNB W ~
Oz(ga9+ 25nt2e =250 (agsorbeq- () > Noe = . i R(1—e ¥). (10

It is apparent that the rate of chemisorption is proportional tong it was mentioned above. the oxygen flow during film

the second power of electron concentration. The increase ifeposition affects oxygen vacancies density and thus the free
the free-electron concentration is expected to decrease th&eciron concentration. The dependence of film conductivity
bending of the semiconductor near the surface. Consgsy yacancy concentration then can be obtained by replacing

quently, assuming that the oxygen adatoms introduce @& gq (1) the offsetR from Eq.(7) and taking the derivative
single-energy levefacceptor like surface stajeis the band ) er No:

gap of the semiconductor, more electrons can occupy these

states, resulting to an increase in the concentration of oxygen dG/dn, _ 1 N No 1 dN
adatoms with the synchronous decrease in free-electron den- G ng N Ny—Ndng
sity.

(11)

In the case of small grain or low number of free electrons

The maximum number of the aforementioned acceptor. h ith hiah O°S ; hat all
states is the Weisz limi€ This is the maximum number of U-€- the case with high O:Sn rajjave may assume that a
the electrons move to the surface states, i.e.,

adsorbed oxygen atoms which is obtained by taking into ac-
count electrostatic interactions. The occupation of these n W=2N. (12)
states follows the Fermi—Dirac statistittsAssuming that a
grain is represented by a infinite layer betweea —W/2 -
andx=W/2, the dimensionless Poisson equation gives  Ed- (11, we obtain

&y dG/dny N
Wzl—Re’*”, G  ng(Ng—N)’

Then, calculatingiN/dny from Eg. (10) and substituting in

(13

Equation(13) means that an increase of free-electron con-
where z=\x, ¢=py, A=\(AnoB)/es, (4  centration will induce a decrease in the conductivity when
and only when Eq(12) holds. As shown in Fig. 2, this result
is applicable over the whole temperature range of the experi-
ment, i.e., the resistance increases with increasing free-

1 electron concentration. The sigmoid-like shape of resistance
Yo=— 5 In R. (5) s caused by the doubly ionization of oxygen adatdfnat
relatively low temperaturegbelow 300 °Q, the resistance
The charge conservation gives the condition necessary feehaves like in semiconductors. At this point, doubly ioniza-
solve Eq.(4): tion of oxygen adatoms increases the number of surface
states and the resistance increases too. Above 390 °C this
dy _gpN process saturates and the resistance again behaves like that of
dz z=)\(W/2)_ Neg ' ©) a typical semiconq_u_ctor.

The gas sensitivity now may be expressed as the change
whereN is the density of occupied acceptors states and, agn conductivity over the change in surface electron states.
cording to Fermi—Dirac statistics,it is equal to Reducing gases like CO remove oxygen adatoms which re-

sults in a decrease of the number of occupied surface states
N=N 1 7) induced by oxygen chemisorption. Therefore, the sensitivity
01+ (X/IR)e?s Sis given

wheree; is the dielectric constant andis the bending of the
semiconductor without the constant off$see Eq.(2)]

The constant parametef$, and X incorporate the Weisz dG/dN

limit and the energy level of the acceptor states, respectively. G

. (14
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FIG. 3. Experimental results showing the sensitivity of films prepared atFIG. 4. Experimental results showing the sensitivity of films prepared at

different oxygen mass flow values against working temperature, in the presJifferent oxygen mass flow values against working temperature, in the pres-
ence of 2650 ppm CO. ence of 30 ppm ethanol.

The effect of . iivit b | mum to sensitivity at 390 °C as in the case of CO. As for the
€ etlect o oxygen vacancies on sensitivity can be ca Cuéxperimental curve of sensitivity of the film deposited with
lated now by considering the change in sensitivity over the

. . : oxygen flow 24 ml/min, which does not exhibit this maxi-
change in oxygen vacanciéasr free-electron concentratipn

Takina the derivati fEq14 1 th ¢ I mum, it is believed that one has to consider not only the
a .|ng.t € derivative of Eq14) overn, |n.t € case ol Small - glectronic but the chemical interaction of ethanol with tin
grain size or of low electron concentration, we obtain

oxide surface as welf*
ds 1 N

dn, (No—N)? g’

Equation(15 means that the sensitivity increases with in- ) ) .
creasing electron concentration. Figure 3 shows the experi- '€ effect of oxygen flow during dc reactive sputtering

mental results for the gas sensitivity in 2650 ppm CO. Thef SnG thin films on film conductivity and gas sensitivity

sensitivity of the film increases with decreasing oxygen flowV@s Studied. Oxygen flow is considered to affect film stoichi-
during deposition(i.e., increasing free-electron concentra- °Mery and thus free-electron concentration. More specifi-
tion) as it was found in Eq(15) over the whole temperature cally, by increasing the oxygen flow, the O:Sn ratio and thus

range of the experiment. The sensitivity exhibits a maximurfl€® number of oxygen vacancies is expected to decrease.
at a temperature close to 390 °C, where it is believed that thg/Nce these vacancies are the electron donors imitype
surface state density is maximum due to the doubly ionizaSNG Seémiconductor, the free-electron concentration is ex-
tion of oxygen adatoms. Consequently, the reaction of cgpected to decrefase too. , i

molecules with oxygen adatoms which leads to the formation ~ Moreover, given that the chemisorption of oxygen atoms
of CO,, returns to the crystal two electrons. At lower tem- on tin oxide surface takes place by electron transfer from the

peratures, the same reaction returns to the crystal one elefim o the chemisorbed atoms, a decrease of free electron

tron since the oxygen adatoms are singly ionized. At temConcentration is expecte@ue to high O:Sn ratio or rela-

peratures above 390 °C where the ionization of oxygeﬂively small grain sizgto induce an increase of film conduc-
adatoms saturates, the sensitivity decreases because the $4y- It has also been proved that by increasing the oxygen
sistance of the film decreases due to thermal generated eldd@W during sputtering, the number of chemisorbed oxygen
trons. Figure 4 shows the experimental results for the sensfind consequently the sensitivity of the film is decreased.
tivity in 30 ppm ethanol. Again, Eq15) is applicable but
different mechanism of interaction between ethanol and tin, S _ o -
oxide has to be considered. Ethanol molecules adsorb on tinM' J. Willett, in Techniques and Mechanisms in Gas Senséiged by P.

) ' . - T. Moseley, J. O. W. Norris, and D. E. William#&dam Hilger, Bristol,
atoms, while adsorbed ethanol molecules dissociate and act991), Chap. 3, pp. 61-105.
as electron donors with the aid of adsorbed oxygen afoms.?V. Lantto, P. Romppainen, and S. Leppavuori, Sens. Actuatats, B49

; ; . . ; (1988.
Th#%_ there WI|| be an o_p.t|r.num r?n.o rago mbwhlchdthan_ol 3D, Kohl, Sens. Actuatord8, 71 (1989
exhibits maximum SenSItIVItY. T. Is can be observed in Fig. 4p. kohi, Sens. Actuators B, 158 (1990.
4, where as oxygen vacancies incre&8®—38 ml/min oxy-  5S. R. Morrison, Sens. Actuatol®, 425 (1987.
gen flow during depositionthe sensitivity increases, while °C. D. Tsiogas and J. N. Avaritsiotis, Vacuu$b, 1181(1994.
further increase of oxygen vacanci@—24 mi/min oxygen B. Gautheron, M. Labeau, G. Delabouglise, and U. Schmatz, Sens. Actua-
. . o7 tors B 15-16, 357 (1993.

flow during deposition tends to decrease the sensitivity. c_ pijolat, P. Breuil, A. Methivier, and R. Lalauze, Sens. Actuators B
Again, doubly ionization of oxygen adatoms cause a maxi- 13-14, 646(1993.
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