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KHUHETUKA ITPOBOAUMOCTHU NMOJYINPOBOJIHUKOBBIX
METAJUIOOKCUHBIX IUVIEHOK n-THIIA TIPH XEMOCOPBLIMU
I'A30B-BOCCTAHOBUTEJIEN (xpaTkoe cooOIIeHue)

B crarbe paccMoTpeHa KMHETHKA aJcOpPOIMU ra30B-BOCCTAHOBHUTEINICH Ha MOBEPXHOCTH METATIOOKCUAHBIX TIOJTY-
IIPOBOJHUKOBBIX I'a304yBCTBUTEIBHBIX IIJICHOK N-THUIA IPOBOAUMOCTH. [1oKka3aHO, YTO MX YyBCTBUTENBHOCTD B IIEP-
BOM MNPHUOJIMKEHHH TPOIOPIMOHAIFHA KOHIEHTPAMK JETeKTUpyeMol mpuMecH. JlaHHas paboTa siBisieTcs Hpo-
JIOJDKCHWEM paHee OIMyOJMKOBAaHHOTO HCCIIEOBAHMUS,
OKHUCIIUTENEN HA TTOBEPXHOCTH MOIYITPOBOIHUKA N-TUIA TPOBOJAUMOCTH.

B KOTOPDOM paccMaTpUBalach XeMOCOpOIHs Ta30B-

Kn. cn.: aﬂcop6u1/m, MOBEPXHOCTD, JICKTPOIPOBOJHOCTD, METaJJTIOOKCH THBIN MOJYIIPOBOAHUK, KOHICHTPAILNA,

nedeKTHast CTPYKTypa

B Hacrosimiee BpeMs MOJYyHIPOBOAHUKOBBIE Ta-
30BBIE CEHCOPHI JOCTATOYHO MIMPOKO HCIOJIB3YIOTCS
Ha mpaktuke. [IpuHIUN AEHCTBUS TaKUX CEHCOPOB
OCHOBaH Ha HW3MCHECHHH D3JIEKTPOIIPOBOJIHOCTH IPH
ancopOIMM Ha HUX YacTHIl W3 Ta3oBou daser [1-4].
Hawmbonbiiee pacrpocTpaHeHHe B KadecTBE padOUMX
3JIEMEHTOB 'a30BbIX CEHCOPOB MOIYYWIH TAKUE MOIY-
MPOBOJHUKOBEIE OKCUABI, kKak ZnO, SnO, u TiO,. D10
00yCIIOBJIEHO WX COOTBETCTBHEM OOIIMM TPeOOBaHMSM,
MPEeABABIIEMBIM K MaTepuajaM JaHHOTO Ha3HAYCHUS:
XUMWYECKass CTOHKOCTh, TEpPMHUYCCKas W MeXaHWde-
ckas mpouyHoCTh. JlaHHas paboTa SBISETCS MPOJOJI-
JKEHHUEM HUCCIIeIOBaHus [5], B KOTOPOM paccMaTpuBa-
€TCsl XeMOCOPOIIHsI Ta30B-OKUCIIUTENEH Ha IMOBEPXHO-
CTH TIOJTyITPOBOJHHUKA N-TUTIA IPOBOJIUMOCTH. B cBs3M
C OTUM COXpaHSETCS OOIIHOCTH ITOAXOAA TPHU pac-
CMOTPCHMH MEXaHuU3Ma aJIcOpOIMM Ta30B-BOCCTa-
HOBUTEJICH.

[Ipunsito cuurtath [6—8], 4YTO JCHCTBUE Ta30B-
BOCCTAHOBHUTEJICH CBOAUTCS K XUMHUYECKOW peakiuu
¢ afcopOMpOBaHHBIM KHCIOPOJIOM C OOpa3oBaHUEM
MPOJYKTOB PEaKIUH, JIECOPOUPYIOIUXCS C IOBEPX-
HocTH. IIpu 3TOM B 30HY IPOBOJUMOCTH BO3BPAIIACT-
Csl 3JICKTPOH, paHee JOKAIM30BAaHHBIA HAa KUCIOPOJE.
B [7, 8] noHOpHOE NEHCTBHE TaK)KE CBS3BIBAIOT C ajI-
copOmmeli MOJIEKYJI ra3a Ha MOBEPXHOCTH ILICHKU
C mocieayroued MoHU3aIuen, T.e. IEPEX0JIOM IJIeK-
TPOHOB B 00BeM IUIEHKH. Tak WM MHaYe XeMocopO-
U MOJIEKYJI JOHOPHOTO ra3a Ha MOBEPXHOCTH Me-
TaJUIOOKCUJHOTO MOJIYNPOBOJIHUKA MPOTEKAET uepe3
MPOMEKYTOUHYIO CTaaui0 (DU3MUYECKON ancopOruH,
KOT/Ia YacTHIla YICPKUBACTCS HA MMOBEPXHOCTH CHJIA-
MU ciaboro B3aumoneicTBUsA. Ha moBepxHOCTH TO-
JIyIIPOBOJIHUKOBOM TUIEHKU IIPU HEKOTOPOHM Temrmepa-
Type TOCIeN0BaTeIbHO HAYT MPOLECCHl (U3NIECKON
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Y XHUMHYECKOH aacopOIun yacTull anaauta (A)ys, Co-
mracHo ypaBHeHuio (la). JlumuTupyromeit cragueit
nporecca XeMocOpOIMH SIBIISIETCS] TPOLIECC Mepexoaa
AJIEKTPOHA B AJIEKTPOHHYIO CHUCTEMY IIOJYIIPOBOJIHU-
ka. KoHneHTpamust HocuTeseil B mMarepualie U3MEHS-
eTcsi OT MCXOAHOW, (haKTHYECKH OIpeesieMOl co-
NepKaHUEeM CBEPXCTEXHOMETPUYECKHX HOHH30BaH-
HBIX aTOMOB MeTamna (Me")., 10 paBHOBECHO#! B X0jie
oOpa3oBanusi xuMmudeckoro coenuHeHUs (BA)y,
W3 BaKaHCHUI Ha MOBEPXHOCTU U (pu3ndecKu aacopOou-
POBAaHHBIX YacTHUI] aHATUTA (A)g,, 9TO B 00IIEM BHUE
onuchIBaeTcs ypaBHeHueM (10).

(A)os < (A)ga & (A )xa, (1a)

(M) + (M) = BAYa te. (16)
2

CornacHo [4], B METAJUIOOKCHIHBIX TOTYyIPOBOJ-
HUKaX N-THUMA MPOBOJUMOCTH CYIIECTBYET JOCTATOY-
HOE KOJIMYECTBO CBOOOIHBIX 3JIEKTPOHOB. PaccMaTpu-
Bas WX B MEPBOM MPHUOIMKCHUH Kak "IJIEKTPOHHBIH
rasz", 3amnuimieM ¢ yderoM peakuuu (10) BBIpakeHUe
JUIT U3MCHEHUS KOHICHTPAIMU SJICKTPOHOB MPOBO-
JMMOCTH, TTPUMEHSIS 3aKOH JICHCTBYOIIMX MAacc:

ale]_

dt

rze [e ] — KOHLEHTpanusl 3JeKTPOHOB IPOBOIUMOCTH
nonynposoanuka; [(Me").] — KoHIeHTpamus cBepX-
CTEXMOMETPUUECKUX NOHU30BAaHHBIX aTOMOB METaJINIa;
[(A)pa] — KOHLEHTpanus GU3MYECKH aJICOPOUPOBAH-
HBIX dacTHl aHanuta; [(BA)y,] — KOHIEHTpanus 1mo-
BEPXHOCTHOTO XHMHYECKOTO COEIUHEHHS ITOBEPXHO-
CTHOM BaKaHCHH C aHAJIUTOM; k| U k, — KOHCTAHTBI

k[(BA),Jle'] —k[(Me"), [[(A)y, |, @
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CKOPOCTH aJICOpOIMU U JIECOPOLIMU COOTBETCTBEHHO
no ypasaenuto (10).

B pamkax paccmarpuBaeMoil MOJENH MOXKHO JO-
MyCTHTE CIEYIOIEE:

1. [(Me").] = [e ] — TekymIyo IpOBOIUMOCTH TIO-
JYNIPOBOJHHKA ONPEACIAIOT 0000IeCTBICHHBIE HIICK-
TPOHBI C TPUMECHBIX JIOHOPHBIX YPOBHEH, 00Opa3o-
BaHHBIX KaK CBEPXCTEXHOMETPHUUECKUMU HOHAMH, TaK
1 XeMOCOPOUPOBAHHBIMH YaCTUIIAMHU.

2. [(BA)u] =[e]-1[e |, rne [e] u [¢ ] — Teky-
miass 1 HavajbHas KOHIIGHTPAIMH SJEKTPOHOB 30HBI
NPOBOAMMOCTH MOJYHNPOBOAHHUKA COOTBETCTBEHHO.
Crabunuzanusi MOJIEKYJbl JOHOPHOW MpHUMEcH BOIH-
31 aJCOpOLMOHHOTO LIEHTpa ¢ Iepeadeii AIeKTpoHa
B 2JICKTPOHHYIO CHCTEMY IOJYIIPOBOJHHUKA HPUBOIUT
K 00pa30BaHWIO CTOWKOTO NPHW JAHHOW TeMIepaType
MOBEPXHOCTHOTO XMMHUYECKOTO COEANHEHHUS.

3. B paBHOBeCHBIX YCJIOBUSX B OOJIACTH MaJbIX
JaBJICHUA W KOHLEHTpPAlM{ BBINOJHIETCS JHMHEHHOE
cootHomeHue [(A)ga] = I" [(A)os], TH€ I" — KOHCTaH-
ta. Cnoit u3 ¢puU3NUecKu aacopONPOBAHHBIX MOJIEKYI
yAEpKUBAETCS Ha TOBEPXHOCTU cinabbiM BaH-nep-
BaanbcoBbIM B3anMOJEHCTBUEM, NPU STOM PaBHOBE-
CHE yCTaHABIMBAETCS MPAKTUYECKU MTHOBEHHO.

IlycTh e 1 u — 3apsax ¥ NOJBHKHOCTb HOCUTENEH
3apsia MOJTYNPOBOAHUKA COOTBETCTBEHHO. Y MHOKUM
BCE YacTH ypaBHEHUs (2) Ha ey, MOCIIE YETO MPOU3BE-
JeM 3aMeHBl corsacHo ycmousm: [(Me)).] = [e];

[(A)ga] = I" [(Ados]; [(BA)] = [e] - [, ]. B pe3yie-

TaTe MOJIy4YUuM:

dle"Jeu
dt

:kz([e’]—[eg])[eqe,u—kl [e’]F[(A)oﬁ]e,u. 3)
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Broas 6espa3MepHyH) BCJIMYMHY HOPOBOAUMOCTU

X =£, II€ ) U 0 — HaydaJbHAas M TEKyllas JJIeK-
Oy

TPOIPOBOJHOCTH COOTBETCTBEHHO, IOJIY4YaeM YpaB-

HCHHC I €€ HpOHSBOHHOﬁ M0 BPEMEHU IIPU MOCTO-

SIHHOU TeMIeparype:

dx _ klr[(A)oﬁ]dt 4)
X —(B+Dx Jij ’
kl['[(A)o6]elu‘

(+] =
rae B A

Pemas ypaBuenue (4), moiayyaeMm BBIpakeHHE IS
MPOBOJMMOCTH Ta304yBCTBUTEIBHOM IUICHKU P aj-
copOLuK Ha ee ITOBEPXHOCTH ra3a-BOCCTAHOBUTEIIS:

pB+1

ﬂe_klr[(A)oﬁ](H'l/ﬁ)t

x(t) = : )

+1

IIpu ¢ — oo u3 Belpaskenus (5) moiaydyaeM CTanyo-
HapHOE 3HAYEHHUE 3IEKTPONPOBOTHOCTH Xon:

x, =B+ (6)

IIpencraBnenHas mMareMaTtuveckass MOJENb OIH-
CBIBACT aJCOPOIMIO Ta30B-BOCCTAHOBHUTENCH Ha IO-
BEPXHOCTH METAIJIOOKCHHBIX TIOTYIPOBOJHUKOB MPH
CTallMOHApHOW TemmepaType (Ipu CTyNeH4YaToOW IO-
Jlade Ta30BOM CMecH), BenmnduHa a = (0, — 0p) / 0p
MPOMOPIMOHANbHA KOHIIEHTPAI[UN aHAJINTA B T'a30BOM

hasze [(A)os)-

Puc. KoHueHTpanuoHHas 3aBHCHMOCTH OTHOCH-
TETLHOTO CUTHAJA TMOJYIPOBOJIHUKOBOTO CEHCOpa
SnO, npu mojaye areToHa
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B cwnry pasHelIx mnpuuMH (B YacTHOCTH, B3a-
UMOJICHCTBUE C  KUCIOPOJOM, aaCOpOUPYIOIIMMCS
Ha TOBEPXHOCTH MOJyHNPOBOAHMKA [3], Hamuuue A0-
MOJTHUTENBHBIX aJCOPOIIMOHHBIX IIEHTPOB, CO3/IaHHBIX
JIETHPOBAHMUEM HCXOJIHOTO METAJIOOKCHAHOTO MaTe-
puana [9]) Ha mTpakTHKE 4YacTO HaOIOZaeTcs
CTETICHHAS 3aBUCHMOCTH 0e3pa3MepHON BEIWYHHEI
U3MEHEHHs TPOBOIUMOCTH a = f3". Ha puc. mpuBeaeHa
KOHIICHTpPAallMOHHAsI 3aBHCHMOCTb OTHOCHTEIHHOTO
WU3MEHEHUs] MPOBOOMMOCTH ceHcopa SnO,, Jerupo-
BaHHOTO MEJIbIO, NP JETEKTHPOBAHUHM MapoB aIeTO-
Ha, coJep)Kalluxcs B arMoc()epHOM BO3AyXe, IpH
temnepatype aatunka ~450 °C. Konuentpanuu are-
TOHA 3a7aBauch B quamnazone ot 100 mo 1100 ppmy.
AnmpokcuManysl TMOJY4eHHOM 3aBHCHMOCTH  CTe-
nMeHHON (GyHKIHeH naeT 3HaueHHe MOKa3aTels CTere-
Hu n = 0.625.

B 3akmroueHune MOXHO OTMETHTB, YTO amIpo-
KCUMaUus MOJyYEHHbIX IAaHHBIX JTUHEHHOH (QyHKIH-
eil, cormacHo MONMy4eHHOH (opMmyse, TakkKe AOIycC-
THMa, MOCKOJIBKY B 3TOM Ciy4ae 3HadeHue Ko3pdu-
LHMEeHTa AeTepMuHanuu npesbimaeT 0.98.

Ilpumeuanue

B npeodvioyweti naweii pabome [5] 6 ee noauepa-
duueckom sapuanme donyweHa onevamka: opmyia
(2) dondicha umems 8vipadiceHue

dle” AT
%:k2 [(MeA),, |-, [(Me )J[e @] @
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KINETICS OF CONDUCTIVITY OF n-TYPE SEMICONDUCTOR
METAL OXIDE FILMS DURING CHEMOSORPTION
OF REDUCING GASES (short message)

S. A. Kazakov', M. A. Grevtsev', I. E. J agatspanyanz, A. O. Volchek®

'Toffe Physical Technical Institute of the RAS, Saint Petersburg, Russia
2Scientiﬁc and Production Association PRIBOR, JSC, Saint Petersburg, Russia

The article examines the kinetics of adsorption of reducing gases on the surface of metal oxide semiconduc-
tor gas-sensitive films of n-type conductivity. It is shown that their sensitivity is, to a first approximation, pro-
portional to the concentration of the detected impurity. This work is a continuation of a previously published
study that examined the chemisorption of oxidizing gases on the surface of an n-type semiconductor.

Keywords: adsorption, surface, electrical conductivity, metal oxide semiconductor, concentration, defective structure
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Currently, semiconductor gas sensors are widely
used in practice. The operating principle of such sen-
sors is based on a change in electrical conductivity
during the adsorption of particles from the gas phase
on them [1-4]. The most widely used semiconductor
oxides as working elements of gas sensors are ZnO,
SnO, and TiO,. This is due to their compliance with
the general requirements for materials for this pur-
pose: chemical resistance, thermal resistance, and me-
chanical strength. This work is a continuation of the
study [5], which considers the chemisorption of oxi-
dizing gases on the surface of an n-type semiconduc-
tor. In this regard, the generality of the approach is
preserved when considering the mechanism of adsorp-
tion of reducing gases.

It is generally accepted [6—8] that the effect of re-
ducing gases is a chemical reaction with adsorbed
oxygen, followed by the formation of reaction prod-
ucts desorbed from the surface. In this case, the elec-
tron that was previously localized on oxygen returns
to the conduction band. In [7, 8], the donor effect is
also associated with the adsorption of gas molecules
on the surface of the film, followed by ionization, i.e.,
the transfer of electrons into the volume of the film.
One way or another, the chemisorption of donor gas
molecules on the surface of a metal oxide semicon-
ductor proceeds through an intermediate stage of
physical adsorption, when the particle is held on the
surface by weak interaction forces. On the surface of
the semiconductor film at a certain temperature, the
processes of physical and chemical adsorption of ana-
lyte particles (A),s, sequentially occur, according to
equation (1a). The limiting stage of the chemisorption
process is the electron transition to the electronic sys-
tem of the semiconductor. The concentration of carri-
ers in the material changes from the initial one, which
is actually determined by the content of superstoichi-
ometric ionized metal atoms (Me")., to the equili-
brium one during the formation of the chemical com-
pound (BA)y, from vacancies on the surface and phys-
ically adsorbed particles of analyte (A)g,,. Generally,
it is described by equation (16).

(A)OG = (A)(ba = (A+)xaa (13)

(16)

According to [4], there is a sufficient number of
free electrons in n-type metal oxide semiconductors.
Considering them to a first approximation as an "elec-
tron gas", we write, taking into account the reaction
(16), an expression for changing the concentration of
conduction electrons, applying the law of mass action:

ale]_

= =hk[BA)Jle] —k[MeD) ][4y ] @)

(Me)e + (A == (BA),, +e.
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where [e"] is the concentration of conduction electrons
in semiconductor; [(Me").] is the concentration of su-
perstoichiometric ionized metal atoms; [(A)ga] is the
concentration of physically adsorbed analyte particles;
[(BA)a] is the concentration of the surface chemical
compound of the surface vacancy with the analyte; k
and k, are the rate constants of adsorption and desorp-
tion, respectively, according to equation (16).

Within the framework of the model under consid-
eration, the followmg can be assumed:

1. [(Me )c] = [e] is the current conductivity of the
semiconductor which is determined by the shared
electrons from impurity donor levels formed by both
superstoichiometric ions and chemisorbed particles.

2. [(BA)w] = [e] — [¢, ], where [e] and [¢, ] are
the current and initial electron concentrations of the
conduction band of the semiconductor, respectively.
Stabilization of a donor impurity molecule near an
adsorption center with electron transfer into the elec-
tronic system of a semiconductor leads to the forma-
tion of a surface chemical compound that is stable at
a given temperature.

3. The linear relation [(A)ga] = " [(A)os], Where I”
is a constant, is satisfied under equilibrium conditions
in the region of low pressures and concentrations.
A layer of physically adsorbed molecules is held on
the surface by weak van der Waals interactions, and
equilibrium is established almost instantly.

Let e and u be the charge and mobility of the
charge carriers of the semiconductor, respectively.
Let's multiply all parts of equation (2) by eu, after
which we make replacements according to the condi-
tions: [(Me")e] = [e]; [(A)gal = I [(A)os]; [(BA)wa] =

=[e]-[e, ]. As aresult, we get:

dle” Jeu _
dt

=k, ([e ]-[e )¢ Jer-k[e |r[(A)len.  (3)

By introducing the dimensionless value of conduc-

.. c L

tivity x =—, where oy and o are the initial and cur-
Oy

rent electrical conductivities, respectively, we obtain

an equation for its time derivative at a constant tem-

perature:

dx _ kIF[(A)oﬁ]dt @)
x> —(B+1)x B ’
where =klr[(1:$]eu.

Solving equation (4), we obtain an expression for
the conductivity of a gas-sensitive film upon adsorp-
tion of a reducing gas on its surface:
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p+1

x(t) = ﬁefkll“[(A)Oﬁ](Hl/ﬁ)t

®)
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As t — oo, from expression (5) we obtain the sta-
tionary value of electrical conductivity x..:

x, =p+1. (6)

The presented mathematical model describes the
adsorption of reducing gases on the surface of metal
oxide semiconductors at a stationary temperature
(with a stepwise supply of a gas mixture), the value of
a = (0, — 09) / gy is proportional to the concentration
of the analyte in the gas phase [(A)os].

For various reasons (in particular, interaction with
oxygen adsorbed on the surface of the semiconductor
[3], the presence of additional adsorption centers
created by doping the initial metal oxide material [9])
in practice, a power-law dependence of the dimen-
sionless change in conductivity @ = £ is often ob-
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served. Fig. shows the concentration dependence of
the relative change in the conductivity of a SnO, sen-
sor doped with copper when detecting acetone vapor
contained in atmospheric air at a sensor temperature
of ~450 °C. Acetone concentrations were set in the
range of 100 to 1100 ppmy. An approximation of the
obtained dependence by a power function gives the
value of the exponent n = 0.625.

Fig. Concentration dependence of the relative signal
of the SnO, semiconductor sensor when acetone is
supplied

In conclusion, it can be noted that approximation
of the obtained data by a linear function, according to
the obtained formula, is also acceptable, since in this
case the value of the coefficient of determination ex-
ceeds 0.98.



