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KHUHETUKA ITPOBOAUMOCTHU NMOJYINPOBOJIHUKOBBIX
METAJUIOOKCUHBIX IUVIEHOK n-THIIA TTPH XEMOCOPBLIMA
I'A30B-OKHUCJIUTEJIEUN (xpatkoe cooOIIeHue)

B crarbe paccMoTpeHa MOJIEIbh XeMOCOPOLIMY aKIIENTOPHBIX YaCTHUIl Ha MOBEPXHOCTH METAIIOOKCHIHBIX MTOJYIPO-
BOJIHMKOB N-THUIA MPOBOJUMOCTH. [loyueHo BeIpaykeHue IJisi Oe3pa3MepHOil BEJIMUMHBI AJIEKTPOIIPOBOAHOCTH KaK
(YHKIMM KOHLIEHTPALUH JETEKTHpYeMoil MukponpumecH. [TokazaHo, 4To Belnn4nHa acopOLuy MPOIOpIHOHAaIbHA

KOHIICHTPAIIMK aHAJIUTA B Ta30BOi1 (ase.

Kn. cn.: ancop6u1v1${, MOBCPXHOCTD, JICKTPONPOBOJHOCTD, MeTaﬂHOOKCI/IZ[HLIﬁ MNOJYIPOBOJAHUK, KOHIICHTpAIUs,

nedeKTHast CTPYKTypa

Cormacio mognenu M.A. MscHuKOBa, NPOBOIU-
MOCTh  METAJNIOOKCHAHOTO  TOJYNPOBOAHUKOBOTO
cercopa (MOC) B MHEpTHOI cpesie NPONOpLHOHATIbHA
KOHIICHTPAIINN CBEPXCTCXHUOMETPHUECKHX HOHOB JIO-
HOpPHOM MpUMECH MOJYyNpoBOAHMKA n-tuma [l].
ITo »To¥ MoOzeIU, XeMOCOPOIHs MOJIEKYJ aKIeNTop-
HOTO Ta3a Ha TIOBEPXHOCTH METaJUIOOKCHHOTO TIOJY-
MPOBOJHMKA MPOTEKAET Yepe3 MPOMEXYTOUHYIO CTa-
o (GU3MYECKON amcopOITii, KOT/Ia YacThlla yaep-
JKMBAETCS] Ha MOBEPXHOCTH IMOJYIPOBOJHUKA CHIIAMH
ci1aboro B3amMOAEUCTBUS 0e3 00pa3oBaHUS XUMHUYE-
CKOM CBSI3U ¢ LEeHTpoM azcopOumu. Hanbonee npaBuib-
HBIM, [0 BCE BUIMMOCTH, SBISICTCS PAacCMOTpPEHHE
OTJIENBHBIX BUJIOB aJICOPOIIMOHHBIX B3aMMOEUCTBUI
B COOTBETCTBHH C KJIacCH(UKaIeld XUMUIECKUX CBSI-
3eif [2]. B obmieM BHie poIiecchl, IpoTeKaomue Mpu
COy/IapeHUH YacTUIIBI Ta30BOH (asbl C TOBEPXHOCTHIO
MOJYTIPOBOIHNKA, OIMCAHBI, HAIIPUMEpP, B U3BECTHOM
kHure [3].

IIpn HexoTOpOW TemIeparype Ha HOBEPXHOCTH
MOJTYTIPOBOJHUKA TTOCIIEOBATENBHO HIYT IPOILECCHI
(¢u3ndYecKol ¥ XMMHUYECKOW afcopOIlMu YacTHIl aHa-
muTa (A)os, 9aCTh KOTOPBIX MEPEXOTUT B XEMOCOPOH-
poBanHOe cocTosiHue (A)y,, ypaBHeHue (1a). JlumuTu-
pyIOIIeH cTaamei Tporecca XeMOCOPOIMH SBIISCTCS
MpOIIeCC 3axBaTa 3JIeKTpoHa mpoBoguMocTh. O0pazo-
BaHME XHWMHUYeCKoro coemmHeHus (MeA),, MmeTtamia
C aHAUTOM U3 CBEPXCTEXHOMETPHUYECKUX HOHM30-
BaHHEIX aTOMOB MeTamna (Me'). ¢ y4acTHeM 31IeKTpo-
HOB TPOBOJMMOCTU W (hM3HYECKH afcopOMpOBaHHBIX
yacTul aHanuTa (A)gp, B 0OlIeM BHJE ONMCBHIBAETCS
ypaBHenueMm (16):

(A)OG = (A)(ba < (A_)xaa
(Me"). + & + (A)pa = (MeA)sa.

(1a)
(16)
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B MeramiooKcHIHBIX TOIYNPOBOAHWKAX N-THMA
MIPOBOIMMOCTH CYIIECTBYET JOCTATOYHOE KOJINIECTBO
CBOOOJIHBIX 3JIEKTPOHOB [4], M UX MOXKHO paccMaTpH-
BaTh B TIEPBOM NPHUONMKEHHH Kak 'DIEKTPOHHBIN
ra3". [IpuMeHsss 3aKOH JEHCTBYIOMIMX Macc, IUIS pe-
akiuu (10) 3amumeM CKOpOCTh YOBUIM 3IIEKTPOHOB
MPOBOAMMOCTH TOJYTIPOBOAHUKA BO BPEMEHHU Clie-
TYIOIITIM 00pa3oM:

Ak e J-k[(ve) Je [y @
r/ie [€ | — KOHIIEHTpAIIUs JIEKTPOHOB MPOBOIUMOCTH
nonynposojHuKa, [(Me").] — KOHLEHTpaius CBepX-
CTEXMOMETPUYECKIX NOHU30BAHHBIX aTOMOB METAIINIA,
[(A)pa] — KoHLEHTpanus GU3MYECKH aJICOPOUPOBAH-
HBIX 4acTull aHamuta, [(MeA)y,] — KOHIIEHTpaIus
MTOBEPXHOCTHOTO XUMHUYECKOTO COCTUHEHHUS KaTHOHA
MeTallJla C aHUOHOM aHaJINTa, k| U ky — KOHCTaHTBI
CKOPOCTH aJICOPOIMH U JIECOPOLIMU, COOTBETCTBEHHO
1o ypaBHeHwuio (16).

IIpu BBIBOJIE KOHEYHBIX COOTHOILICHHUM CIIENaH psij
JIONTYIICHUH.

1. [e] = [(Me").] — ycnoBue AOMyCTUMO B CHIY
MOHU3ALUU CBEPXCTEXUOMETPUUECKUX MEXKY3€IbHBIX
aTOMOB / MOHOB METalla B MOJYHPOBOJHUKE. DIIEK-
TPOHBI C TAKMX MPUMECHBIX JOHOPHBIX YPOBHEH OTI-
PEeaeNIOT NPOBOAUMOCTD MOIYIPOBOJHHUKA.

2. [(MeA)y.] = [e&]—[e"], rae [e&] ule] —
HavalbHas W TEKyIllas KOHIEHTPAIUU JJICKTPOHOB
30HBI TPOBOJUMOCTHU TOJYNPOBOJHHUKA COOTBETCT-
BeHHO. [Ipm xemocopOumu axmenTopa MPOUCXOAUT
cTabunm3anus aKIeNnTOPHOW MOJIEKYJBl BOJIW3U J0-
HOPHOTO IIEHTpa C 3aXBaTOM JJIEKTPOHA IPOBOJHMO-
cTH ¥ 00pa3oBaHHEM CTOMKOTO MpY TAaHHOW TeMIiepa-
Type TIOBEPXHOCTHOTO XUMHUYECKOTO COETMHEHUSI.
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3) JIns HeIMCCONMATUBHOM acopOLMHU C HACHIIIe-
HUEM B 00JIaCTH MAJIbIX JIABJICHUI KOHIIEHTpaus (pu3u-
YeCKH aJICOPOMPOBAHHOTO aHAJINTA CBSA3aHA C €ro 00b-
€MHOU KOHLEHTpalMe JTMHENHBIM COOTHOLLIEHUEM

[(A)(ba] =I [(A)06],
rjae /' — KOHCTaHTa.

HoHn3oBaHHBIC JIOHOPHBIE LIEHTPHI HA TIOBEPXHO-
CTH TIOJIyIPOBOJHHUKA 3aXBATHIBAIOT YACTHUIIBI aHAIH-
ta. CormacHo [l], Ha oOAHY MOIEKyJIy aHAJIHUTA-
aKLEeNnTopa NPUXOJUTCS OJUH JICKTPOH 30HBI IPOBO-
JuMocTH. YacToTa y/1apoB YacTHIl aHAJIHNTA O MOBEPX-
HOCTb  HOJYIPOBOJHMKA  BEJIMKA,  HPUMEPHO
~10"...103a 1 c. B pe3ynpraTe 9TOro MOMYIPOBO-
HUK TIOKPBIBACTCS CJIOEM W3 (PU3WUYECKH ancopOupo-
BAaHHBIX MOJICKYJ, KOTOpBIE YIEpKHUBAIOTCS Ha IIO-
BEPXHOCTHU cIabbIM BaH-/I€P-BaalbCOBBIM B3aMMOEH-
cTBHEM. MOXXHO YTBEpXKIaTb, 4TO (GHU3ancOpOLs —
HEeoObIuaiiHO OBICTPBIN TpollecC, ¥ PaBHOBECHE, CO-
IJIACHO 3aKOHY I 'eHpH, ycTaHaBIUBaeTCsl IPAKTHYECKH
MTHOBEHHO.

Ilycts e u y— 3apsa ¥ MOABMKHOCTb HOCHUTENEH
3apsifa B IOJYNPOBOAHHUKE COOTBETCTBEHHO. YMHO-
UM BCE YacTH ypaBHeHHA (2) Ha e'u W MPOU3BEIEM
3amenbl cornacHo yciosusam: [(Me')e] = [e7]; [(A)ga] =

=T[(A)es]: [(MeA)ss] = [, |~[¢ |- B pesynrare
MOy YUM:
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Beens 0Ge3pasmepHyio BEIMYMHY MPOBOJUMOCTH

xzi, A€ 0p U ¢ — HaydajbHas M TEKyllas 3JIEeK-
Oy

TPONPOBOAHOCTH COOTBETCTBEHHO, IIOJIYYHMM BbIpa-

JKEHHE JJI €€ MPOU3BOJHOM 0 BPEMEHHU IIPHU MOCTO-

SIHHOM TemIiepaTtype:

dx __hy, @)
a—-ox—X (04
e o= Rt
kI'o, [(A)gﬁ]

B wurore ¢opmyna nposomumoctu MOC B aTmo-
chepe ra30B-OKHUCIUTEICH HMEET BHI:

o (ﬁ - 2)(aﬁ + 2)2 n 4aﬁe-k2z(p_1)
2(af+2) —8e

rIe ﬁ=1+4/1+%.

x(2) , ®)

—— calculation
& experiment
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ceHcopa WO,

pu coaiepkanuu 030Ha B Bo3ayxe 0.03 ppm, 7'=250 °C
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[IpoBepka BeipaxkeHus (5) mId TPaHUYHOTO YCIO-
BUS ! — 00 NPUBOJUT HAC K CTAllMIOHApPHOMY 3Haue-
HUIO JIEKTPOIPOBOJAHOCTH:

X =—. (6)

AHaJIOTMYHOTO BUJIa 3aBUCUMOCTD ObIJIa IMOJTyueHa
B [5, 6]. Bennuuna ancop6uyu a = (09 — 0x) 0o/ 0.
MPOMOPIUOHANIFHA KOHIICHTPAIIMY aHAINTa B Ta30BOU
¢daze [(A)os]. [TomoOHas Momenp OblLIa paccMOTpeHa
B [7] npu pa3paboTKe MOJyNPOBOAHUKOBOIO prbopa
JUTSL IETEKTHPOBAHUS KOHIICHTPAIIHA 030HA.

W3 nanHBIX paboThl [8] MO M3MEPEHUIO CHUTHAJA
MOJTYTIPOBOAHUKOBOTO ceHcopa WO; mpu copaepika-
HUM 030HA B Bo3ayxe 0.03 ppm ObutH oLieHEeHBI Hapa-
metpsl: o = 1.1:10° u k, = 3.5-10* ¢!, Ha pucynke
MPHUBEJIEH COOTBETCTBYIOMIMKA TpaduK H3MEHCHUS
Oe3pa3MepHON BETMUUHBI SJICKTPOITPOBOTHOCTH.

PE3IOME

B pabote npeacraBieHa MaTeMaTHYecKas MOJCIb,
OTIMCHIBAOIIAS aJICOPOIMIO Ta30B-OKUCIHTENeH Ha TI0-
BEPXHOCTU METAJNIOOKCUIHBIX IOJYIIPOBOJAHHUKOB IIPU
CTallMOHapHOW TemmepaType (Ipu CTyHmeH4YaTol Io-
Jlade Ta3oBoil cMecH). MiMest orpaHMYeHHOE TIpUMEHe-
HUE (HEAMCCOLUMATHUBHAS aAcopOlus MHUKPOIPUMECH
C HaCBIIIEHHEM B 00JIaCTH MaJIbIX JaBIICHUI ), MOAEIH
Koppenupyer ¢ teopueir M.A. MscHUKOBa, OMHUCHI-
BaloIeil aacopOmIrio B CHUCTEME aKLENnTop — IOJy-
IIPOBOJHUK N-TUIIA.
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KINETICS OF CONDUCTIVITY OF n-TYPE SEMICONDUCTOR
METAL OXIDE FILMS DURING CHEMOSORPTION
OF OXIDIZING 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
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The article considers a model of chemisorption of acceptor particles on the surface of n-type metal oxide
semiconductors. An expression is obtained for the dimensionless electrical conductivity as a function of the
concentration of the detected microimpurity. It has been shown that the adsorption value is proportional to the
analyte concentration in the gas phase.
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According to the model of I.LA. Myasnikov, the
conductivity of a metal oxide semiconductor sensor
(MOS) in an inert environment is proportional to the
concentration of hyperstoichiometric ions of the donor
impurity of the n-type semiconductor [1]. According
to this model, chemisorption of acceptor gas mole-
cules on the surface of a metal oxide semiconductor
proceeds through an intermediate stage of physical
adsorption, when the particle is retained on the surface
of the semiconductor by weak interaction forces with-
out forming a chemical bond with the adsorption cen-
ter. The most correct, apparently, is to consider indi-
vidual types of adsorption interactions in accordance
with the classification of chemical bonds [2]. In gen-
eral, the processes that occur during the collision of
a gas phase particle with the surface of a semiconduc-
tor are described, for example, in the well-known
book [3].

At a certain temperature, on the surface of the sem-
iconductor, the processes of physical and chemical
adsorption of analyte particles (A),s sequentially oc-
cur, some of which pass into the chemisorbed state
(A)xa, equation (1a). The limiting stage of the chemi-
sorption process is the capture of a conduction elec-
tron. The formation of a chemical compound (MeA)y,
of metal with an analyte of hyperstoichiometric io-
nized metal atoms (Me"), with the participation of
conduction electrons and physically adsorbed particles
of the analyte (A)g, in general form is described by
equation (1b).

(A)os < (A)pa < (A, (1a)
(Me")e + e + (A)gpa > (MeA )y (16)

In n-type metal oxide semiconductors, there is a
sufficient number of free electrons [4], and they can
be considered, to a first approximation, an “electron
gas”. Applying the law of mass action, for reaction
(16) we write the rate of loss of conduction electrons
in the semiconductor over time as follows:

dle” N _
Aok oven) -k [(ve) Je ] @

where [e7] is the concentration of semiconductor con-
duction electrons, [(Me").] is the concentration of
hyperstoichiometric ionized metal atoms, [(A)ga] is
the concentration of physically adsorbed analyte par-
ticles, [(MeA)x.] is the concentration of the surface
chemical compound of the metal cation with the ana-
lyte anion, k; and k, are the rate constants of adsorp-
tion and desorption, respectively, according to equa-
tion (10).

When deriving the final relations, a number of as-
sumptions were made.

1. [e'] = [(Me").] this condition is permissible due
to the ionization of hyperstoichiometric interstitial
metal atoms/ions in the semiconductor. Electrons at

such impurity donor levels set the conductivity of the
semiconductor.

2. [(MeA).] = [e(; }—[e’}, where [eﬂ and [e ]
are the initial and current concentrations of electrons
in the conduction band of the semiconductor, respec-
tively. During the chemisorption of an acceptor, stabi-
lization of the acceptor molecule occurs near the do-
nor center with the capture of a conduction electron
and the formation of a surface chemical compound
that is stable at a given temperature.

3. For non-dissociative adsorption with saturation
in the region of low pressures, the concentration of the
physically adsorbed analyte is related to its volumetric
concentration by a linear relationship

[(A)cba] =I [(A)oﬁ]a
where " is a constant.

Ionized donor centers on the surface of the semi-
conductor capture analyte particles. According to [1],
there is one conduction band electron per analyte-
acceptor molecule. The frequency of impacts of ana-
lyte particles on the surface of the semiconductor is
high, approximately ~10'...10%° per 1 s. As a result,
the semiconductor is covered with a layer of physical-
ly adsorbed molecules, which are held on the surface
by weak van der Waals interactions. It can be argued
that physisorption is an unusually fast process, and
equilibrium, according to Henry’s law, is established
almost instantly.

Let e and i be the charge and mobility of charge
carriers in the semiconductor, respectively. Let's mul-
tiply all parts of equation (2) by e-u and make replace-
ments according to the conditions: [(Me").] = [e];

[(A)gal I'(A)osl;  [(MeA)ya]
As a result we get:
d[e‘]e,u ~
dr

—k([e]-[e Den-k[e T rl(A)Jen @

By introducing a dimensionless conductivity value

e ]l ]

o -

x =—, where o0y and o are the initial and current elec-
Oy

trical conductivities, respectively, we obtain an ex-

pression for its time derivative at a constant tempera-

ture:

dx k,
=2 4
a-ax—x' « ds, @
where o =l€2$.
kl'o, [(A)Dﬁ]



As a result, the formula for the conductivity of
MOS in the atmosphere of oxidizing gases has the
form:

. a(B-2)(ap+ 2)2 +4afe P
2(af+2)" —8e P

where ﬂ=1+,[1+%.

Checking expression (5) for the boundary condi-
tion ¢ — oo leads us to a stationary value of electrical
conductivity:

x(t) ; )

x, == (6)

A similar type of dependence was obtained in [5,
6]. The adsorption value a = (6o — 0.) 0o/ 0, is pro-
portional to the concentration of the analyte in the gas
phase [(A)os). A similar model has been considered in
[7] when developing a semiconductor device for de-
tecting ozone concentrations.

From the data of [8] on measuring the signal of a
semiconductor WO; sensor at an ozone content of
0.03 ppm in the air, the following parameters were
estimated: @ = 1.1-102 and k, = 3.5-10*¢". The fig-
ure shows the corresponding graph of changes in the
dimensionless value of electrical conductivity.

Fig. Relative signal of semiconductor WO; sensor at
an ozone content in the air of 0.03 ppm, 7'=250 °C

SUMMARY

The paper presents a mathematical model that de-
scribes the adsorption of oxidizing gases on the sur-
face of metal oxide semiconductors at a stationary
temperature (with a stepwise supply of the gas mix-
ture). Having limited application (non-dissociative
adsorption of microimpurities with saturation in the
low pressure region), the model correlates with the
theory of I.A. Myasnikov, describing adsorption in the
acceptor—n-type semiconductor system.



