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ABSTRACT: Although the increasing trend of sensor signal with
decreasing oxygen partial pressure was observed quite early, the
underlying mechanism is still elusive, which is a hindrance to
accurate gas detection under varying oxygen partial pressure. In
this work, a sensing model based on previous experimental and
theoretical results is proposed, in which the O species is
determined to be the main oxygen species because O~ species has
not been observed by direct spectroscopic studies. On this basis,
combined with the band bending of SnO, at different oxygen
partial pressures, the functional relationship between the surface
electron concentration, oxygen partial pressure, and reducing gas
concentration is established, which includes three forms corre-
sponding to the depletion layer, accumulation layer, and flat band.
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In the depletion layer case, the variation of the sensor resistance to different concentrations of CO and oxygen can be well fitted with
our function model. Besides, this model predicts that the response of sensors will no longer maintain the increasing trend in an
extremely hypoxic atmosphere but will decrease and approach 1 with the background oxygen content further going down to 0.
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emiconductor metal oxides, especially SnO,, have a long

history of application in gas sensors, primarily due to their
high sensitivity in a wide range of flammable and toxic
gases.l_6 The basic sensing mechanism is the reduction—
oxidation reaction on the surface that causes electron transfer
and results in a change in resistance.”® Therefore, the oxygen
partial pressure in the background atmosphere plays a central
role in gas detection, which enables the sensors to exhibit a
high baseline resistance by oxygen adsorption and provides
active oxygen species for subsequent sensing reactions.
However, early studies found that the response of SnO,-
based sensors to propane increased with decreasing oxygen
partial pressure, and the response reached the maximum value
in the absence of oxygen (actually, there was still a background
oxygen of 50 ppm for “0% O,”).” Further experiments revealed
that this phenomenon was also observed for other reducing
gases.'’ Recently, with increasing demand for gas sensors in
traditional and emerging fields, it is inevitable that there will be
a variation of oxygen partial pressure in the application
environment. For example, the wide utilization of oxygen
enrichment equipment due to the continuously decreasing cost
of oxygen-enriched technology can reduce the ignition point
and lower the flammability limits of flammable gases, which
increase the risk of fire and explosion.'' In addition, the
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promising non-invasive detection of diseases using volatile
biomarkers in the exhaled breath also needs to consider the
reduction of oxygen concentration in the exhalation (~15%
oxygen content in exhaled gases)."”

Although the abnormal behavior that the response of SnO,-
based sensors to reducing gases decreases with the increase of
oxygen partial pressure has been found a long time ago, the
underlying reason is still unclear. For a SnO,-based sensor, its
resistance shows a decreasing trend with decreasing O,
concentrations. In an oxygen-deficient atmosphere, the
decrease in baseline resistance (R,) and the increase in gas
response (Ra/Rg, where R, is the resistance in reducing gases)
suggest a remarkable increase in surface charge transfer, which
seems to be in contradiction with the reduction of adsorbed
oxygen species on the surface. Therefore, in the beginning, this
phenomenon was explained by the adsorption of the reducing
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Figure 1. (a) Atomic arrangement of the reconstructed SnO,(110) surface (the added Sn,O; model) and the stoichiometric SnO,(100) surface.
(b) Atomic arrangement of the reconstructed SnO,(110) surface (the added Sn,O model) and the reduced SnO,(100) surface. (c) Bader charges
of adsorbed oxygen on the reconstructed SnO,(110) surface (the green region represents charge depletion and the orange region represents charge

accumulation).

gas itself. As a result, the electrons would be transferred
directly from the reducing gas to the oxide.” However, further
research found that some reducing gases such as CO cannot be
adsorbed on the SnO, surface (the DRIFT spectra show no
carbonyl species on pure SnO, samples), but such a
phenomenon still existed."> The results suggest that the
reaction between CO and ionosorbed oxygen would cause the
CO sensitivity to decrease with the increase of oxygen partial
pressure.

In this work, in order to understand the effect of oxygen
partial pressure on the sensitivity of SnO,-based sensors, a
sensing model is proposed based on previous experimental and
theoretical results. In this model, O~ species is determined to
be the main adsorbed oxygen species on the surface of SnO,,
which can react with reducing gases, leaving oxygen vacancies
on the surface. The ionization of the additional oxygen
vacancies leads to the decrease in resistance. However, due to
the exceptional deep donor state of oxygen vacancies, there are
some oxygen vacancies which cannot be ionized even at the
working temperature. Based on this, the functional relationship
between the surface electron concentration, oxygen partial
pressure, and reducing gas concentration is established, which
has three forms according to the band bending in different
oxygen backgrounds. Combined with the measured resistance
and response curves of the SnO,-based sensor to CO gas under
different oxygen partial pressures, it is found that the model
can describe the change of CO response with the variation of
oxygen partial pressure well. Furthermore, the model predicts
that the CO response will reduce with the decrease of oxygen
partial pressure in an extremely hypoxic atmosphere, which is
further verified by experiments.

B RESULTS AND DISCUSSION

Identifying Model Variables and Inter-relationships.
For SnO,-based gas sensors, the charge transfer takes place by
two processes: oxygen dissociative adsorption (capturing
electrons from SnO,) and the oxidation of reducing gas
(releasing electrons into SnO,). Therefore, in order to model
the effect of oxygen partial pressure on the sensitivity of SnO,-
based sensors, it is essential to understand the relationship
between surface electrons (ng), oxygen partial pressure (P),

and reducing gas concentration.

Oxygen Adsorption. The oxygen adsorIption has been
studied and intensely discussed for decades."*~'” First, it is
generally accepted that oxygen cannot be exothermically
adsorbed on the stoichiometric surface but prefers to be
adsorbed on a reduced surface at bridging oxygen vacancy
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sites. Second, the adsorbed oxygen species on the SnO, surface
are considered to have three forms: 0,7, O~, and O*". The
superoxide (O,”) species was observed only after oxygen
adsorption at T < 150 °C by the EPR study.'® For the O~
species, with the development of characterization techniques
and theoretical studies, a growing number of researchers have
been questioning the existence of O~ species because this
species has not been observed by direct spectroscopic
studies.'® Furthermore, by means of DFT calculations, Sopiha
et al. built several relatively stable O~ adsorption config-
urations by adding one extra electron into the system (weak
adsorption for the neutral charged surface).'” However, the
calculated magnetic moment for all configurations is 1 ug,
which is inconsistent with the EPR experiment. Meanwhile, the
DFT calculations indicate that none of the O~ adsorption
configurations are stable with respect to the surface O,
adsorption configurations. Noteworthily, they found the only
stable O*~ adsorption configuration on the SnO,(100) surface
with a magnetic moment of 0 4 (the nonmagnetic nature of
O’ explains why it is not visible to the EPR study), which
meets all the characteristics of a true O>” state. Again, the
problem is obvious because this crystal plane is less exposed
compared with Sn0,(110) or SnO,(101) in practice.
However, the SnO, surface is strongly dependent on
external conditions (e.g., temperature, pressure, oxygen partial
pressure, and so forth.), causing the surface to be easily
reconstructed.”””" Li et al. proposed the added Sn,O model by
using in situ Cs-corrected STEM.”" Although the reconstruc-
tion of SnO,(110) finally occurred at 800 °C in vacuum
(~107° Pa), the SnO, species begin to appear on the
Sn0,(110) surface at 300—500 °C, which is consistent with
the claimed O~ desorption temperature in the O,-TPD
experiment (one important evidence for the existence of
07)."* In addition, we find that the reconstructed SnO,(110)
surface has a similar atomic arrangement with the outermost
layer of Sn0,(100), as shown in Figure la,b. Furthermore, the
authors simulated the dissociative adsorption of oxygen and
found that there is a very low oxygen dissociative barrier of
only 0.36 eV and a strong dissociative adsorption energy of
—3.36 eV. As for the unreconstructed Sn0,(110) surface, there
is only weak physical adsorption for the O, molecule on the
Sn*" site with an adsorption energy of —0.04 eV. Based on the
dissociative adsorption configuration, we calculated the Bader
charges (Figure 1c) on the adsorbed oxygen (1.14¢ for each O
adatom) and the corresponding magnetic moment (0 yg)
which is the same as the O~ species found on the SnO,(100)
surface by Sopiha et al. (Bader charge on the O adatom is 1.16e
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and its magnetic moment is O yg). The reconstruction of
Sn0,(110) indicates that O*~ species can be adsorbed on the
Sn0,(110) surface, not just on the Sn0,(100) surface.
Therefore, combined with the current experimental and
theoretical studies on adsorbed oxygen, 0>~ species is
determined to be the dominant species on the SnO,(110)
surface at the working temperature.

Sensing Reactions on the SnO, Surface. During the
detection of reducing gases, the adsorbed oxygen will be
consumed, leaving donor oxygen vacancies on the surface,
which is clear because the reaction products can be easily
detected.””*’ Apart from this, it is necessary to consider the
adsorption of the reducing gas itself and the adsorption of
oxidation products and further to confirm whether charge
transfer occurs during the process if such adsorption behaviors
exist."” For the effect of the adsorption of reducing gas itself,
although it can be confirmed by experiments that the reducing
gas can be adsorbed on the SnO, surface, it is difficult to
determine whether charge transfer occurs during the process
because the oxidation of the reducing gas proceeds
simultaneously, and it is impossible to distinguish the effect
of these two behaviors on the resistance separately. Therefore,
the contribution of the adsorption of reducing gas itself to the
change of resistance is hard to obtain. For the effect of the
adsorption of the oxidation products, the effect can be directly
observed by exposing the sensor to an atmosphere containing
the oxidation products. In this work, we focus on the reducing
gases and oxidation products that cannot be adsorbed on the
SnO, surface or the adsorptions can exist but have no effect on
resistance. To this end, CO gas is selected to verify the
rationality of the established model because CO gas is a
currently known gas that cannot be adsorbed on the SnO,
surface. The DRIFT spectra of the SnO, sample show no
carbonyl species when exposed to 300 ppm CO.”* Meanwhile,
the oxidation product (CO,) has no effect on resistance
(Figure S1).**

Surface Electron Concentration. As a typical N-type
oxide, the studies on the surface electron concentration can be
attributed to the research on the surface donor defects, which
took a long time of discussion to prove that oxygen vacancy is
a shallow donor and is recognized as the major donors in
Sn0,.”>~** Furthermore, the oxygen vacancy is found to be
doubly ionizable defect and rationalized by DFT calculations,”
which demonstrate that the single ionization of V5" is unstable
in SnO, for all values of E in the band gap, and only doubly
positive (Vo>*) and neutral (V) defects can exist. Never-
theless, the oxygen vacancy donor state is rather deep, about
0.5 eV below the conduction band minimum in theory and
0.15 eV at ~700 °C in the experiment,27’29 which indicates that
some oxygen vacancies cannot be ionized even at the working
temperature.

Briefly, the experimental and theoretical bases of our model
are as follows:

(i) O is determined to be the main adsorbed oxygen
species on the surface of SnO,. The formation of O*~
requires the consumption of one oxygen vacancy and
two electrons.

(ii) The ionization of the additional oxygen vacancies caused
by CO oxidation leads to the decrease in resistance.>”>!

(iii) The electrons in SnO, are generated by the secondary
ionization of oxygen vacancies, and the oxygen vacancy
is not fully ionized even at working temperatures.
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Establishment of the Model. Based on the above
discussion, the sensing reactions on the SnO, surface can be
described as

1 _
Eoz(g) +2e + V't = 0,

(1)
CO(g) + Og — CO,(g) + V, (2)
Vo & Voot + 2e” (3)
The rate equation for the adsorbed oxygen is
d[Op]
> = kads'[\]OZ-‘—]'nsz.Pozl/2 - kdes'[OO]
dt
- kreact'PCO'[OO] (4)

where, kg kgey and kg, are the rate constants of oxygen
adsorption, oxygen desorption, and CO oxidation, respectively.
In the case of the steady state

kads.[V02+]'n52'POZI/2 = (kdes + kreact'PCO)'[OO] (5)

Notably, because the formation of O?” requires the
consumption of one oxygen vacancy and two electrons, the
O species can be considered as the impurity compensation
for the oxygen vacancy rather than a new surface defect.
Therefore, a significant difference from the previous model is
that we are more interested in the variation of surface oxygen
vacancies, precisely the concentration of ionized oxygen
vacancies. According to eq 1, when oxygen vacancies are
occupied by oxygen adsorption, eq 3 will shift to the right,
which results in IA[Og]l being greater than IA[Vy**]l.
Remember that the concentration of surface electrons depends
on the number of ionized oxygen vacancies. Therefore, the
space charge per unit area (Qs) on the surface due to oxygen
adsorption is not equal to 2qA[Og] but —2¢-A[Vy*]. In
different oxygen partial pressure, the energy bands would bend
downward or upward, causing electrons to follow different
distribution functions. Therefore, it is necessary to set an initial
value to determine the change of the electron concentration.
Here, the initial value is set in the case of a flat band, namely,
the concentration of oxygen vacancies on the surface is the
same as that in the bulk. In this case, the concentrations of
oxygen vacancies (the sum of ionized VO,ini2+ and unionized
Vo, Vacancies), lattice oxygen, and electrons on the surface
are defined as [V 1], [Og ], and ny, as shown in Figure 2.

During the oxygen adsorption and CO oxidation, the
decrease of surface oxygen vacancies is equal to the increase of
surface oxygen species

[0o] = [0g,r] = —([Vo 11’ /K, + [Vo™*1 = [V 1])
(6)

where, K is the ionization equilibrium constant of oxygen
vacancy. The space charge per unit area (Qg) caused by the
change of ionized oxygen vacancy is

Qs — —Zq([V02+] _ [VO,ini2+]) _ q/O‘OO nB(e/}r/; _ 1) dx
(7)

Using the Poisson equation and f# = q/kT (k and T are the
Boltzmann constant and temperature, respectively), one can
obtain
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Figure 2. SnO, surface and bulk under flat-band conditions and the
corresponding energy-band diagram.

kT
,lﬁ(”S—gp—l Lp= gs
an

V2 &g
Q=
T hLy

(8)

where &, ¢, and Ly are the permittivity of SnO,, surface
potential, and the Debye length, respectively. The detailed
derivation can be found in Note S2 of the Supporting
Information For N-type semiconductors, a typical variation of
the space-charge density Qg as a function of surface potential
@s is shown in Figure 3.
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Figure 3. Variation of space charge density as a function of the surface
potential @g for the SnO, semiconductor.

(i) For the depletion region case (@g < 0), the space-charge
density Qg is dominated by the second term in the root
of eq 8, that is

2ekT
Q™ \/_i /—ﬂtp & /|¢|
qLp 9)

(ii) For the accumulation region case (¢s > 0), the space-
charge density Qg is dominated by the first term in the
root of eq 8, that is

\/EsskT of02
9Lp

o P52

s~ T

(10)

1098

(iii) In the region near the flat band lpl < 1/f, using Taylor
expansion lim (e’ — 1) = fp + (fp)*/2, one can
»—0

obtain

SS
Qs = F 95 < ¢
Lp

(11)

Equations 7 and 8 establish the relationship between oxygen
vacancies (oxygen partial pressure) and band bending.
However, in order to understand the effect of oxygen partial
pressure on sensitivity, it is necessary to further confirm the
relationship between the surface electron concentration and
band bending. For the case of depletion layer, the distribution
of electrons can be described by the Boltzmann distribution

(12)

By combining eqs 9 and 12, the space charge per unit area

Qs can be expressed by

ng = ng exp(fp;)

2k T-ny ln(@]
s

The relationship between ng and the gas partial pressure (P,

(13)

and Pcg) can be given by eqs S, 6, and 13

ng”v(ng) 0s
ngv(ng) 'Poz
([VO,T] + [Og 1] — [% + v(ns)])
_ kdes + kreact'pCO
kads (14)

n &kT-n

v(ng) = Vo 1=y 0=, p = |52
g 2q

In order to explore the effect of Py on sensitivity, let us

suppose that there are two chambers with different oxygen
partial pressures P3 and Ph. Here, assuming P > Pj,
according to eq 14, when Pcq = 0, 1%, is lower than nf,. As the
CO concentration increases, the electron concentration of
both will increase and the variation curves of the electron
concentration to the CO concentration are shown in Figure 4.
It is worth noting that the slope of the two curves cannot
indicate the level of sensitivity. Actually, because n%, is greater

[)CU
Figure 4. Variation of surface electron concentration on Py under
different oxygen partial pressures P3 and P{, defining P% > Pj .
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Figure S. (a,)b) Variation of the surface electron concentration (a) and response (b) as a function of P¢p with different oxygen partial pressure. (c)
Dynamic resistance curve of the SnO,-based sensor to CO gas in different oxygen backgrounds. (d, e) Variation of the reciprocal of resistance (d)
and response (e) to CO gas in different oxygen backgrounds. (f) Fitting curves of resistance and CO concentration based on our model (eq 20)

and traditional model (G = a-Pco?).

than ng,. For a given CO concentration P, (P; # 0), even if
dnk;/dP, is greater than dng,;/dP;, it cannot be proved that n%,;/
nk, is greater than ng,/ng,. However, one may divide the P, into
infinite fragments. The gas response to P; is

g= s _ Isifsa sy | Msio1 Msh
fgo  Mgo Mgy Mgy M)y Mgy (15)
here, we define ds as
dng
ng + ——-dP
ds = lim Nsa+1 — S dPeo co
ARo—0 Mg ng (16)
Using eq 14, ds is given by
_ kreact
ds = T ar g(ng,)-dPg + 1
des T react.PCO/l (17)
where

1099

”sZ'V(”s)
K,

i

[VO,T] + [OO,T] - V(ns) -

g(ng) =

(Vo el + [OO,T])VIZ
Z'V(”s)'[Vo,ini2+ - V("s)]

(18)

For the cases of the depletion region, it can be proved that
g(ng) is an increasing function of ng (see Note S3 and Figure
$2 in the Supporting Information). For the case of P > P},

2([VO,T] + [OO,T] - V(”s)) +

because 1, is higher than ng, and ds is an increasing function
of ng, using eq 15 it can be proved that the sensor signal S} =
nky/nk, is higher than S] = ng,/ng,.

According to the relevant experimental parameters reported
in the previous literature,'”***> we simulated the curves of ng
and sensor signal to various CO concentrations under different
oxygen partial pressure, as shown in Figure Sab. Within the
selected range of oxygen partial pressure, the response toward
Pco shows an increasing trend with decreasing P, . However,

this trend will be broken when the oxygen partial pressure
continues to decrease, which causes the values of ng and ny to
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Figure 6. (a) Dependence of the electron concentration on band bending based on the Boltzmann distribution (orange) and Fermi—Dirac
distribution (green) and the corresponding Gaussian fitting curve (blue). (b,c) Variation of surface electron concentration (b) and response (c) as
a function of Pcp with different oxygen partial pressure. (d) Dynamic resistance curve of the SnO,-based sensor to CO gases in different oxygen
backgrounds. (e) Response curve of the SnO,-based sensor to 100 ppm CO in different oxygen backgrounds. (f, g) Variation of the reciprocal of
resistance (f) and response (g) to CO gases in different oxygen backgrounds.

be comparable (Figure S3). At this point, the depletion layer and unionized oxygen vacancies) (ng*v(ng)/K; + v(ng)) is

conditions will no longer be valid, and the error introduced by much lower than the total number of sites ([Vo 1] + [Oo1]).
the Boltzmann distribution cannot be ignored, thus eq 14 fails Equation 14 can be simplified as
to describe the dependence of the surface electron L ) ’e . o
concentration on Py and Pco. k_dtns ([Vo,mi 1= K, In ﬂ—z >'P02 ’

To further validate the accuracy of the model, the real-time Feo = Fon
responses of SnO,-based sensor to CO gases (10—100 ppm) (Vo,r] + [Oo,r]) = Krene (19)

were measured at Po, = 0.05, 02, and 0.5, as shown in Figure For the SnO, sensor, its resistance approximately depends

Sc (the preparation method and TEM images of SnO, are on the reciprocal of the surface electron concentration (ng),

shown in Note S4 and Figure S4 of the Supporting namely, R « k/ng. Therefore, the resistance of the sensor,
Information). As the oxygen partial pressure decreases, the oxygen partial pressure and CO concentration obey the
baseline resistance of the sensor decreases from 1353 to 720 following equation
MQ. However, the gas response to 100 ppm CO increases

-2 / 0.5
from 3.8 to 4.5 (Figure Se). The result indicates that although Poo = R[a = by/In(cR) ]'POZ —-d (20)

the coverage of adsorbed oxygen on the SnO, surface
decreases, the charge transfer caused by the CO oxidation
increases instead. Figure 5d shows the curve of 1/R with the
CO concentration, which is consistent with the curve of ng

where, g, b, ¢, and d are theoretically constants. Based on eq 20,
the resistance variation of the sensor to CO concentrations
under different Pg, are fitted, as shown in Figure Sf. With the

. o 2
with Pg in Figure Sa. In the case of the depletion layer, given decrease of Py, the coefficient of determination (R*) gradually
that the concentration of oxygen vacancies (the sum of ionized decreases but all exceed 0.90, suggesting the high goodness-of-
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fit. However, it is found that only three parameters (a, b, and
d) can remain constant while the parameter ¢ increases with
the decrease of Pp . The underlying reason can be attributed to

the fact that the depletion layer conditions become unreliable
with decreasing oxygen partial pressure and increasing CO
concentration, which causes the Boltzmann distribution to not
describe the surface electron concentration very well.
Comparing with the traditional model function: G = a-Pc’
(Figure 5f),” the number of parameters that vary with oxygen
partial pressure in our model is reduced to one. This will
greatly reduce the effort required to calibrate these variable
parameters in applications. Furthermore, we also perform the
fit analysis for the dependence of resistance on oxygen partial
pressure at constant CO concentrations of 10 and S0 ppm (see
Note S5 and Figures SS and S6 in the Supporting
Information). Likewise, it is found that the fitting curves
gradually deviate from the measured resistance with the
decrease of oxygen partial pressure. Moreover, the coeflicient
of determination of the fitting curve at a CO concentration of
S0 ppm is lower than that of the fitting curve at a CO
concentration of 10 ppm.

Accumulation Layer. When the P in the background

atmosphere is quite low or the concentration of the reducing
gas is sufficiently high, the energy band will bend downward,
leading to the Fermi level Ep approaching or entering the
conduction band E;. The Boltzmann distribution is not valid
anymore. The Fermi—Dirac integral distribution should be
adopted to describe the surface electron concentration

n= [ FENE) 8
4r(2my, )*'? (E — E.)'?
- h; T RTTEY 4
exp( XT ) +1
Ec
(21)

According to eq 21, the value of ng can be obtained using the
Fermi—Dirac integral after acquiring the values of (Ex — E¢)g
and band bending g¢s. However, this infinite integral restricts
the subsequent mathematical derivation. Here, combined with
previous experiments on the band bending of SnO, in gas
detection,®* the Fermi—Dirac distribution is fitted with the
Gaussian function. The lower limit of band bending is set to
the position where the conduction band bends down to the
Fermi energy level at the surface (the Boltzmann distribution is
surely not valid), and the upper limit of the band bending is set
to the position where the conduction band crosses the Fermi
energy level and further bends downward by 0.4 eV, as shown
in Figure 6a. In this interval, the distribution of electrons can
be described by the following Gaussian function

+ 1, — 106
25 = 2095-exp _(ﬂqosn—B]
N, 6.02 (22)

(2
I\ Tk ),

The relationship between ng and the gas partial pressure (P,
and pcg) can be given by egs S, 6, and 22.

1101

"sZ'V(”s) 1/2
ng2v(ng) .pOZ
([VO,T] + [OO,T] - [ S e s + V(ﬂs)])
_ kdes + kreact.pco
kads (23)
20.95-N,
v(ng) = [VO,ini+] + Mz'eXp(—&Ol' In L]:
g
u = ﬁESkT'e1046—nB/2
2 2quD
Using eq 23, ds is given by
ds= ——=%C —o(ng,)-dPg + 1
kdes + kreact.PCOA (24)
where
nsz-v(ns)
g(ng) = {[Vorl + [Og r] = v(ng) — ~x
2'([VO,T] + [Og 1] — v(ng))
3.01-([Vo 7l + [Og 1) (v(ns) — Vo,m12+)
2-(v(ng)-/In(20.95-N/ng)
(25)

Different from the case of the depletion layer, g(n,) in the
accumulation region is a monotonically decreasing function of
ns, which indicates that the sensor signal will definitely
decrease with the decrease of Py once the conduction band

bends downward into the Fermi level (the detailed
monotonicity derivation is presented in Note S6 of the
Supporting Information). According to eq 23, the curves of the
surface electron concentration and sensor signal to the CO
concentration under different oxygen partial pressures are
simulated, as shown in Figure 6b,c. The Fermi—Dirac
distribution extremely slows down the increase of the electron
concentration with the increase of Py, which causes the
sensing signal to exhibit a typical saturation phenomenon, and
the sensing signal tends to saturate more easily as P,

decreases. Within the selected range of oxygen partial pressure,
the sensor signal gradually approaches 1 with the decrease of
oxygen partial pressure. Therefore, although the numerical
solution cannot be obtained by eq 23 for the case of Py, = 0,

the sensor signal should drop to 1 according to the physical
definition of the model. After oxygen desorption or CO
oxidation, the absence of oxygen will prevent the formation of
newly adsorbed oxygen, which leaves the surface ultimately
free of oxygen species that participate in CO oxidation.
Therefore, the surface electron concentration will no longer
vary with the CO concentration when Py, = 0. Combining the

function models under the depletion and accumulation layers,
the effect of oxygen partial pressure on the CO sensing of the
SnO,-based sensor is that the response of the SnO, sensor to
CO will first increase and then decrease with the increase of
Py, However, previous experiments only observed a decrease

in the CO response with increasing oxygen concentration,
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which indicates that an extremely low oxygen partial pressure is
required for the formation of the accumulation layer on the
surface.

Drawn from the above discussion, a high purity N, gas
(99.9999%) and a 100 ppm O,/N, mixed gas were selected to
prepare different concentrations of hypoxic atmospheres (0,
10, and SO ppm O,) and the CO responses of SnO,-based
sensors in these atmospheres are tested, as shown in Figure 6d.
Due to the hypoxic atmospheres, the recovery time of the
sensor increases from ~55 s (PoZ = 0.05) to 530—1200 s (PO2

= 0). The results suggest that there is still a trace of oxygen in
the test system, even with high purity N, gas, which allows the
resistance of the sensor to slowly return to the baseline
resistance. Besides, the dynamic response curves of the SnO,
sensor to 100 ppm CO are shown in Figure 6e. For Po = 0 and

10 ppm, the response curves have a clear spike and take a long
time to stabilize, and this phenomenon is not apparent at low
concentrations of CO (Figure S7). The possible reason is that
in the recovery process, the oxygen molecules will be adsorbed
and dissociate on the SnO, surface and slowly reach saturation
and in the CO detection process, the oxidation of CO will
produce a large number of oxygen vacancies at the beginning,
while these vacancies cannot be healed in time due to the trace
amount of oxygen. Therefore, a longer time is required for the
response curve to reach equilibrium. Figure 6f,g shows the
changes of the resistance and responses to various CO
concentration under different P, . As the oxygen concentration

increases from 0 to 10 ppm, the CO response of the SnO,
sensor will have an increase but rapidly decreases with the
further increase in the oxygen concentration, which is
consistent with the prediction of our model.

Vicinity of the Flat Band. This case can be described
mathematically as the neighborhood of ¢g = 0, which is not a
region like the depletion layer or the accumulation layer but a
point. The function model in this neighborhood provides
further understanding of the variation of sensitivity with
oxygen partial pressure. Using the different SnO, preparation
processes, the value of (Ec — Eg)y varies widely. Here, we
assume that the Boltzmann distribution is still valid in the
vicinity of the flat band. The concentration of ionized oxygen
vacancy can be obtained by eqs 7, 11, and 12

&KT
SRy
9 Lp

n
v(ng) = [VO,ini2+] + pyln =,
ng

and the g(ng) is given using the same method

”SZ‘V(”S)

[Vo,r] + [Og 7] — v(ng) — X,

([Vo_'r] + [Oo,’r])l‘3
v(ng)

g(ng) =
2([Vo,r] + [Ogr] — v(ng)) +

The monotonicity of g(ng) depends on the value of
(Vo). When [Vq;,*"] < [Vor] + [Ogr], meaning a
large (Ec — Ep)g, the g(ng) is an increasing function of ng, as
shown in Figure 7a, and the g(ng) will change from increasing
function to decreasing function with a value of [Vg ;"]
approaching [Vor] + [Ogr] (Figure 7b,c). Combining the
monotonicity of the g(ng) in the depletion and accumulation
layers, it can be concluded that for a SnO,-based sensor with a
lower work function (behave with a low resistance), it will
easily reach the accumulation case discussed above when the
band bends downward. The g(ng) is a decreasing function in
the vicinity of the flat band and accumulation layers. For a
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Figure 7. (a) Function curve of g(ng) in the interval of (0, [Vor] +
[Oor]). (b, c) Monotonicity of g(n) in the neighborhood of ¢ = 0
with different values of [V ;,>*].

SnO, sensor with a higher work function (behave with a high
resistance), the large value of (E¢ — Eg) makes g(ng) still an
increasing function in the vicinity of the flat band and needs
quite a downward band bending to reach the accumulation
case.

B CONCLUSIONS

In summary, on the basis of the reported experiment and
theoretical research of SnO,, we build a sensing reaction model
to explain the effect of oxygen partial pressure on the
sensitivity of a SnO,-based sensor. In the case of the depletion
layer, the model provides a good description of the relationship
between the sensor resistance, oxygen partial pressure, and
target gas, which facilitates the calibration of sensitivity for
applications with oxygen partial pressure variation. The
increasing trend of gas response with decreasing oxygen partial
pressure demonstrates a unique perspective that reducing
oxygen adsorption will instead improve the gas performance,
which provides an innovative ideation for the design of a high-
performance sensor. Besides, based on the model in the
accumulation layer, we find a new phenomenon that the
sensitivity of SnO, decreases with the decrease of oxygen
partial pressure in an extremely hypoxic atmosphere, which
indicates that the sensor signal cannot keep increasing with
decreasing partial pressure of oxygen.
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