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ABSTRACT: Although ultraviolet (UV) light illumination has been widely used o 13 v i
to increase the sensitivity of semiconductor gas sensors, its underlying mechanism
is still blurred and controversial. In this work, the influence of UV light &,
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illumination on the sensitivity of ZnO nanofilm gas sensors is explored i BT o4 18
experimentally and simulated based on a modified Wolkenstein’s model. The : 3 E g = 3
influential factors on sensitivity are determined respectively: the surface band  “5 7 3 ¢ & n = T3 3§ s hon

bending and Fermi level are measured by Kelvin probe force microscopy, the g
binding energy and extrinsic surface state are calculated by density functional £
theory, and the depletion of the whole semiconductor caused by the finite size is 0o _AE— Eu
illustrated by the transfer characteristics of a field effect transistor. With all these

factors taken into consideration, the surface state densities of adsorbed O, and
NO, molecules in the dark and under UV light illumination are calculated which
determine the sensitivity. Good agreement has been obtained between the
experiment and simulation results. Accordingly, when NO, is introduced into the
atmosphere, the enhancement of sensitivity is ascribed to the more dramatic increase of surface state density and surface band
bending activated by the UV light illumination compared with that in the dark. This finding is critical and would contribute
greatly to the development of gas sensors with high sensitivity.
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n recent years, increasing attention about gas sensors has This contradiction in different mechanisms is caused by the

been paid to semiconductor oxide nanomaterials, repre- arbitrarily assumed increase or decrease of adsorbed molecules
sented by ZnO nanowires,' " polycrystalline®™® and nano- when the gas sensor is illuminated by UV light. To clarify the
film.”™'* To enhance the sensitivity and lower the operating underlying mechanism of the UV light enhancement of the gas
temperature of gas sensors, illumination with UV light has sensor’s sensitivity, the influence of UV light illumination on
been proven to be a promising method.>">™"" When the surface state densities of adsorbed O, and NO, molecules
illuminated with UV light with energy larger than the band should be quantified, which could modify the corresponding
gap of ZnO (3.37 eV), photocarriers are generated which surface barrier height and carrier concentration. According to
could influence the adsorption and desorption processes of gas Wolkenstein’s model of chemisorption on semiconductors, the
molecules. Although widely used, the enhancement of a gas surface state density of adsorbed molecules is influenced by the
sensor’s sensitivity by UV light illumination is explained by binding energy, extrinsic surface state caused by adsorption,
contradictory mechanisms. (1) The combination of photo- Fermi level, surface barrier height, and partial pressure of gas.”'
generated holes and the negatively charged adsorbed oxygen Furthermore, the surface band bending and Fermi level are
ions leads to the decrease of the surface depletion layer, while also modulated by the size of semiconductor; when the size of
the remaining photogenerated electrons reacted with NO, nanoparticle is smaller than the depletion width, the whole
molecules, which widens the surface depletion region. As a nanoparticle would be depleted, and the carrier concentration
result, the UV light illumination results in the desorption of O, would dramatically decrease, as we have previously clarified.””
and the adsorption of NO,.'” (2) Because of the reaction of When illuminated by UV light, photogenerated carriers are
photogenerated electrons and ambient oxygen molecules, more induced, ;nd a new equilibrium of surface state density is
active oxygen ions are created and react with the reducing gas obtained.”” Only when all these factors are taken into
molecules, which leads to the increase of sensitivity.>'*"”'® consideration, the enhancement of gas sensor’s sensitivity by
(3) More oxygen ions are produced due to the photogenerated UV light illumination could be clarified.
electrons, which react with the NO, molecules.'”*° (4) NO,
would extract electrons from photoinduced oxygen ions due to Received: February 3, 2019
the stronger electron affinity of NO, molecules compared with Accepted: May 8, 2019
that of O,.” Published: June S, 2019
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In this paper, the enhancement of sensitivity of a ZnO
nanofilm NO, gas sensor by UV light illumination is simulated
based on a modified Wolkenstein’s model and space charge
model. The factors mentioned above are determined
experimentally or numerically: the surface band bending and
Fermi level are measured by Kelvin probe force microscopy
(KPFM), the binding energy and extrinsic surface state are
calculated by density functional theory (DFT), and the
depletion of whole semiconductor caused by the finite size is
illustrated by the transfer characteristics of a field effect
transistor (FET). With all these factors taken into consid-
eration, the surface state densities of adsorbed O, and NO,
molecules in the dark and under UV light illumination are
calculated respectively, which determine the sensitivity. The
enhancement of the sensitivity of a ZnO nanofilm gas sensor
by UV light illumination is simulated and compared with the
experimental results. According to the simulation and
experimental results, when NO, is introduced into the
atmosphere, the enhancement of sensitivity is ascribed to the
more dramatic increase of surface state density and surface
band bending led by the UV light illumination compared with
that in the dark.

B RESULTS AND DISCUSSION

Modified Wolkenstein’s Model. According to Wolken-
stein’s model of chemisorption on semiconductors, the
adsorption of gas molecules on a semiconductor surface is
divided into “weak” and “strong” forms, as indicated by Figure
1.>Y?* At the beginning of adsorption, the surface of
semiconductor is neutral, and its energy band is flat. The
energy of adsorbed molecules decreases by the binding energy,

qo = Egas — E,4 corresponding to the weak adsorption form.
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Figure 1. Chemisorption of acceptor-type molecules on a n-type
semiconductor: (a) “weak” adsorption at the beginning of adsorption
with a flat energy band; (b) “strong” adsorption leads to the charge
transfer and surface band bending; (c) at equilibrium, the depletion of
the whole semiconductor caused by the finite size of the semi-
conductor results in the enlargement of the distance between the
Fermi level and conduction band, and the Fermi level is below the
extrinsic surface state; (d) the combination of photogenerated holes
and the adsorbed ions results in a new equilibrium under UV light
illumination. ¢° = Eg — E,q is the binding energy of the gas
molecules, E;, E2, ES, Ey, and E,, are the Fermi level, conduction band
at the bulk, conduction band at the surface, and the valence band,
respectively.
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Extrinsic surface states located at E are also created by the
adsorption and serve as traps for electrons, as shown in Figure
la. The transfer of electron from the conduction band E to
the extrinsic surface state E leads to the depletion of electrons
near the surface and negatively charged adsorbates at the
surface. Meanwhile, the energy of the system decreases by E
— E,, (E% denotes the conduction band at the bulk), which
corresponds to the strong adsorption form, as indicated by
Figure 1b. Because of the finite size of the semiconductor, the
further transfer of electrons leads to the depletion of the whole
semiconductor, which results in the enlargement of the
distance between the Fermi level and conduction band. At
equilibrium, the Fermi level is below the extrinsic surface state,
which limits the transfer of electrons and results to the
equilibrium of adsorption, as shown in Figure 1c. The UV light
illumination leads to the photogenerated carriers, and the extra
holes transfer to the surface due to the inner electric field. The
combination of extra holes and the adsorbed ions results to a
new equilibrium under UV light illumination, as illustrated by
Figure 1d. The equilibrium is governed by the following
equations:

ap(N* — N~ = N°)

0 0 b
+ E; — E
v'N° exp[——q ] + v N~ exp(—iq & ss]

kT kT
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. k
N*/2aMkgT (3)

where N* is the number of adsorption sites per unit surface
area, N is the number of neutral/weak adsorbates per unit
area, N~ is the number of negative/strong adsorbates per unit
area, i.e., the surface state density, qo is the binding energy of
adsorption, p is the ambient gas pressure, M is the mass of a
gas molecule, ky is the Boltzmann constant, T is the
temperature, v° and v~ are the oscillation frequencies of the
corresponding adsorbates (1° and v~ = 10" Hz), and k is the
condensation coefficient, which equals 0.2.>'

Taking the variation of electron and hole’s concentration
into consideration, the kinetics of surface state density follows
the following equations:

dNO
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Figure 2. ZnO nanofilm gas sensor and the characterization of ZnO nanofilm: (a) the optical picture of the ZnO gas sensor; (b) HRTEM reveals
the ZnO nanoparticle’s high degree of crystallinity, and the inset shows the size distribution of ZnO nanoparticles is between 6 and 20 nm, with an
average diameter of 10 nm; (c) AFM characterization indicates that the average thickness of ZnO nanofilm is 15 nm, and the red line is the position
of the measurement shown in the inset; (d) the X-ray diffraction pattern shows that ZnO film is polycrystalline and exhibits no preferred
orientation.
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where a, and a, denote the number of gas molecules that where X is an intermediate variable, N (3.0 X 10'®/cm?) is the
adsorb and desorb per unit time on and from a unit surface effective density of states in the conduction band of ZnO,"” a
area of the semiconductor. b,, b,, b, and b, denote the number is the adsorption coefficient equals 7.1 X 10*/cm when the
of electron transitions per unit time per unit surface area: b, wavelength of UV light is 365 nm,”* I is the UV light intensity,
refers to the transition of electron from the conduction band to 25 yW/cm? in our experiment, hv is the photon energy of UV
the extrinsic surface state (b, is the reverse); b, refers to the light and 365 nm wavelength corresponds to 3.40 eV, R is the
transition from surface state to the valence band (b, is the reflective coefficient, onzlsitted in our calculation, and 7 is the
reverse). 1, (p,) denotes the electron (hole) density at surface, carrler hfetllme (14 ns). ' ‘ . B
E{ (EY) is the conduction (valence) band at surface. §; ,f3,, f35, Comparing the above equations with the original equili-

and f, are the corresponding coefficients of the transitions. brium described by eqs 1—3, the following relation is obtained:

In equilibrium, eqs 1 and 2 should equal to zero. Since ZnO B _ 0L B _E
is a n-type semiconductor, b, could be omitted due to the large Lt U exp _9 *tEc— B
E,, — E3, and the hole density at surface could be replaced as b, ap kgT (16)

the photogenerated hole density. The resulting equilibrium is
From the above model, it is demonstrated that the surface state

B _E density of adsorbed molecules is determined by the following

pnapN* = |Bnap + p, exp(—%]x + Sp XN~ factors: partial pressure of gas p, binding energy q°, surface
5T band bending Ef. — Eg, position of surface state Ei. — Ej,, the

(12) position of Fermi level E — E;, and the photogenerated hole
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Figure 3. Response of ZnO nanofilm gas sensor in different situations: (a) in the dark, the sensor has a low sensitivity and a slow response to
different concentration of NO, (mixed with air); (b) due to the depletion of whole nanofilm, ZnO nanofilm exhibits a sensitivity with 6 orders of
magnitude to UV light illumination; (c) the illumination of UV light leads to a dramatic increase in the sensitivity to different concentrations of
NO,; (d) the response and recovery time are also reduced by the UV light illumination.

density p,. These factors are further determined by the
following sections.

Materials and Methods. ZnO nanofilm is synthesized by
the spin-coating method.”® ITO interdigital electrodes are
sputtered on the top of quartz glass substrate by photo-
lithography and magnetron sputtering. Precursor solution is
further spin-coated on the top of the substrate. By heating at
150 °C for 2 h, the dense, high-quality, polycrystalline ZnO
film gas sensor is fabricated. The distance between electrodes is
300 pum, as shown in Figure 2a. High-resolution TEM
(HRTEM) characterization indicates an interplanar spacing
of 0.281 nm of the ZnO nanoparticle, which corresponds to
the distances between ZnO(100) facets, and a spacing of 0.248
nm refers to the distances between ZnO(101) facets, as shown
in Figure 2b. The inset shows the size distribution of ZnO
nanoparticles is between 6 and 20 nm, with an average
diameter of 10 nm. Further characterization of ZnO nanofilm
by AFM indicates the film is composed of nanoparticles and
the thickness of nanofilm measures 15 nm by a cross section
across the ZnO nanofilm and the substrate, indicated as the red
line in Figure 2c¢ and shown in the inset. Because of the
thickness of the ZnO nanofilm (15 nm), its direct X-ray
diffraction pattern is unavailable. By sequential coatings, a
thicker ZnO film is obtained, and its X-ray diffraction pattern is
shown in Figure 2d, which is consistent with the pattern of
hexagonal wurtzite structure. From the X-ray diffraction
pattern, it is observed that ZnO film is polycrystalline and
has no preferred orientation.

The response of ZnO nanofilm to NO, gas (mixed with air)
is measured, and the sensitivity (S;) is determined by dividing
the resistance of ZnO nanofilm (R,,,) in NO,/air mixed gas by
the resistance of ZnO nanofilm (R,;,) in the presence of air. As
shown in Figure 3a, the ZnO nanofilm without UV light
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illumination has a really small sensitivity, only 10 when the
concentration of NO, is 100 ppm, and the recovery of the
resistance when the gas is replaced by air is really slow. When
illuminated by UV light with 365 nm wavelength and 25 yW/
cm? intensity, the resistance of ZnO nanofilm dramatically
decreases, and the sensitivity (S,) is 1.4 X 10% which is
determined by dividing the current of ZnO nanofilm under UV
light by that in the dark, as shown in Figure 3b. This dramatic
decrease of resistance led by UV light illumination is induced
by the depletion of whole nanofilm by the adsorbed O,
molecules, as further illustrated afterward. Under UV light
illumination, the sensitivity (S;) of ZnO nanofilm to NO, gas
dramatically increases, as shown in Figure 3c. The sensitivity
increases from 10 in the dark to 575 under 25 gW/cm?® UV
light with the same NO, concentration of 100 ppm. The
illumination of UV light also leads to a much faster response
and recovery time, 290 and 163 s respectively, as shown in
Figure 3d.

Because of the finite particle size of the ZnO nanofilm, the
adsorption of oxygen molecules at surface leads to the
depletion of whole nanofilm, which results in the enlargement
of the distance between the Fermi level and conduction band,
as illustrated in Figure 1. To indicate this effect, FET made of
ZnO nanofilm is characterized. The distance between
interdigital electrodes is 300 ym, as shown in Figure 4a. The
transfer characteristics of the same FET with and without
oxygen adsorbed are compared. As shown in Figure 4b, the
FET in air switches on at 15 V gate voltage, exhibiting an
enhancement-mode behavior for the n-type semiconductor.
IMuminated by UV light for 3 h and protected in Ar gas
atmosphere, the surface adsorbed oxygen is desorbed. After the
source-drain current is steady (UV light is turned off and still
protected in Ar), the transfer characteristics of the FET is
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Figure 4. FET and KPFM characterization of ZnO nanofilm: (a) the optical image of ZnO nanofilm FET shows the distance between electrodes is
300 pm; (b) the threshold gate voltage shifts from 15 V to —25 V when the surface O, is desorbed and the FET is protected in Ar; (c) the surface
potential of ZnO nanofilm is 45 mV in dark, and the UV light illumination leads to the increase of surface potential, which means the work function
of ZnO is reduced; (d) the relationship between the SPV of ZnO nanofilm and the intensity of UV light.

measured. The FET is depleted at —25 V gate voltage,
exhibiting the typical behavior of an n-type semiconductor.
This positive shift of threshold voltage when oxygen molecules
adsorbed can be attributed to the complete depletion of the
ZnO nanofilm led by the adsorption of O,, since totally
depleted, the ZnO nanofilm is positively charged and requires
a positive gate voltage to compensate for the positive charges
inside.

To quantify the distance between the Fermi level and
conduction band of ZnO nanofilm, the surface potential of
ZnO nanofilm in the dark and under UV light illumination is
measured with KPFM, as shown in Figure 4c. In the dark, the
surface potential (SP) of ZnO nanofilm is 45 mV. Calibrated
with highly oriented pyrolytic graphite (HOPG), which has a
known work function of 4.65 V"’ and a measured SP of 60
mV, the SP of ZnO nanofilm corresponds to a work function
of 4.665 eV. Taking the electron affinity of ZnO (4.30 eV) into
consideration,”® the distance between the Fermi level and
surface conduction band (Ef — E) is 0.365 eV. lllumination of
UV light leads to the increase of the ZnO nanofilm’s SP, which
corresponds to a decrease of work function, i.e., a decrease of
the distance between Fermi level and conduction band. The
change of SP caused by light illumination, defined as the
surface photovoltage (SPV), is related to the light intensity.
When UV light with enough intensity is applied, the surface
adsorbed oxygen molecules are totally desorbed, which results
in the almost disappearance of surface band bending and a
decreased distance between the Fermi level and conduction
band. The measured result is shown in Figure 4d. The SPV is
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345 mV when te UV light intensity is enough and the work
function of ZnO nanofilm under UV is 4.320 eV, which
indicates the distance between the Fermi level and bulk
conduction band (EX — E;) is 0.02 €V, taking the almost
vanished surface band bending into consideration. The
corresponding electron concentration of ZnO nanofilm
under UV light illumination is 2.3 X 10'8/cm?®, calculated by
n = Nc exp[—(E¢ — E)/kyT].

Numerical Simulation. The SPV of ZnO nanofilm is a
combination of the change of surface band bending (EL — E2)
and the change of the Fermi level’s position (E& — E;). To
quantify the surface band bending and the Fermi level’s
position from the measured SPV, the distributions of potential
and carrier concentration need to be taken into consideration,

which are governed by the space charge model:*”*’
av(r) = - 240
€ (17)
p(7) = q(np — p, + p(7) = n(7)) (18)
dv
—en, = €b€oa(" =0) (19)

where V(7) is the potential, defined as E; — E% — E&. (Vis zero
when the band is flat, and negative when the band bends
upward),  is the distance from the core of ZnO nanoparticle,
p(7) is the charge density at r, n, pa, p(7), n(¥) are the
concentration of donor, acceptor, hole, and electron,
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bending, and (d) the carrier concentration at core are all related to the surface state density. With the increase of surface state density, the SPV
increases, the surface band bending stabilizes at 0.075 eV, and the carrier concentration dramatically reduces.
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Figure 6. Optimized geometric configurations of (a) ZnO, (b, ¢) ZnO with O, adsorbed and (d, e) ZnO with NO, adsorbed. Panels a, b, d are
from a sectional view which is perpendicular to the ZnO(100) surface, while panels c and e are from top view which only show the top atoms of
ZnO. (f, g) Comparison of the DOS of the systems (free ZnO(100) surface, ZnO surface with adsorbates) and the PDOS of the adsorbates (O,
and NO,). The extrinsic surface states are indexed by the shadow area.

respectively. n, is the surface state density, and &, and & are the
dielectric constants of ZnO and vacuum. The concentration of
impurity is assumed to be constant in the whole ZnO
nanoparticle and can be obtained using the electric neutrality
condition in the core of nanoparticle. The concentrations of
electron and hole follow the Maxwell-Boltzmann approx-
imation.

Since the depth of depletion layer is larger than the radius of
nanoparticle 7.5 nm as measured by AFM, the whole
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nanoparticle has been depleted by surface adsorbed molecules.
Because of the symmetry, the following boundary conditions
are used: V(0) = —SPV, V (d) = 0, where d is the radius of
nanoparticle. Using the 345 mV SPV measured by KPFM, the
distributions of potential and carrier concentration across the
ZnO nanoparticle in the dark and under UV light illumination
are calculated. Figure Sa,b shows the distributions of potential
and carrier concentration in the dark. Because of the depletion
of the whole nanoparticle, the core has a negative potential

DOI: 10.1021/acssensors.9b00259
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(positively charged), the distance between Fermi level and
conduction band E2 — E; increases from 0.02 to 0.27 eV, the
surface band bending E. — E% increase from 0.005 to 0.075
eV, and the carrier concentration reduced from 2.3 X 10'¥/cm?®
to 4.1 X 103/cm?, all compared with that of ZnO nanofilm
under UV light illumination. The surface state density of
adsorbed O, in dark is 2.1 X 10"%/cm?.

The variation of surface state density would result in the
change of SPV, which influences the surface band bending and
carrier concentration as shown in Figure Sc,d. With the
increase of surface state density, the surface band bending E¢- —
EY increases and stabilizes at 0.075 eV, while the distance
between the Fermi level and conduction band E% — E; keeps
increasing, which corresponds to the depletion of whole ZnO
nanoparticle, as illustrated by the decrease of carrier
concentration by 5 orders of magnitude.

To calculate the binding energy and the position of surface
state, first principle calculation is used. Geometric optimiza-
tions were performed employing density functional
theory.”’ —* Generalized gradient approximation (GGA) in
the scheme of Perdew—Burke—Ernzerhof (PBE) is used to
describe the exchange-correlation.” 380 eV for the plane-wave
cutoff, 8 X 5 X 1 Monkhorst—Pack sampling are used, and the
system was fully relaxed until the final force was less than 0.01
eV/A on each atom. The NO, and O, molecules were
optimized in a 15 X 15 X 15 A3 sized cell. ZnO surfaces were
modeled by period slabs using supercell with eight ZnO layers
and vacuum space of 15 A. The optimized geometric
configurations of ZnO, ZnO with O, adsorbed, and ZnO
with NO, adsorbed are shown in Figure 6a—e, where panels a,
b, d are from a sectional view which is perpendicular with the
ZnO(100) surface, while panels ¢ and e are from top view
which only show the top atoms of ZnO.

The ZnO(100) surface is known to exhibit a tilt of the Zn—
O dimer,* as shown in Figure 6a. The adsorption of O, has no
effect on this tilt, while the adsorption of NO, dramatically
reduces the tilt of Zn—O dimer, which evidences the much
larger binding energy of NO, than that of O, and is
characterized by a bond between the N atom and the O
atom of ZnO. The binding energy is calculated by the
following formula:

AEacls = [(EZnO + Eads) - E(ads/ZnO)]

where AE 4, is the binding energy, E;, is the total energy of
the clean ZnO surface, E, 4 is the total energy of the NO, or O,
molecule, E(,4;/7,0) is the total energy of the ads/ZnO system
(where ads is NO, or O,). The calculated binding energy of O,
is 0.18 eV and that of NO, is 0.46 eV.

To determine the position of extrinsic surface states caused
by the adsorption, the density of states (DOS) of the systems
(free ZnO (100) surface, ZnO surface with adsorbates) and
the partial density of states (PDOS) of the adsorbates (O, and
NO,) are compared. The conduction bands are shifted by a
“scissor operator” to adjust the band gap to the measured
value.*” As shown in Figure 6¢,d, extrinsic surface states are
introduced by the adsorbates, which locates around 0.35 eV
below the valence band, indicated by the shadow area.

Finally, the factors that have influence on the adsorption in
the modified Wolkeinstein’s model have all been determined.
The surface state density of the ZnO nanofilm sensor under
different situations are calculated according to eqs 12—16.
Since the position of the Fermi level is lower than that of the
extrinsic surface state when the surface is saturated with

(20)
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adsorbed O,, the further adsorption of NO, without UV
illumination is dominated by the weak situation; thus, the
surface state density of NO, without UV illumination is
regarded as zero. The carrier concentration and surface band
bending of the ZnO nanofilm sensor under different situations
are calculated by the space charge model, with the respective
surface state densities taken into consideration. Results are
shown in Table 1. Gas sensitivity S, is the response of ZnO

Table 1. Surface State Density, Carrier Concentration,
Surface Band Bending, and Sensitivity in Different
Situations

in air in in NO,/air in air under in NO,/air
dark in dark uv under UV
surface state 2.1x 107 21x10% 6.8 x 10" 1.3 x 10"
density (cm™2)
carrier 4.1 x10%  41x10% 23x10" 5.0 x 10
concentration
at core (cm™)
surface band 0.075 0.075 0.005 0.075
bending (eV)
simulated S =1 S, = S, = 686
sensitivity 0.8 x 10°
experimental §, =10 S, = S; =575
sensitivity 14 x 10°

nanofilm to the NO, in the dark, UV sensitivity S, is the
response to the UV light illumination in air, and gas sensitivity
S; corresponds to the response to the NO, under UV light
illumination. Since the resistance of ZnO nanofilm is
determined by the carrier concentration and the surface
band bending (which serves as a potential barrier between
ZnO nanoparticles), the sensitivity is determined by the
change of the carrier concentration and the change of surface
band bending, which can be calculated by the following
equations:

S = n ¢, — ¢,
1= exp 3
ny Bl (21)
S = ny ¢~ ¢
2= €xp
n kT (22)
S, = n3 ¢4 - ¢3
3= eXpl —
y kyT (23)

where n and ¢ refer to the carrier concentration and the
surface band bending of ZnO nanofilm under different
conditions: n; and ¢, are that in air and the dark, n, and ¢,
are that in NO,/air mixed gas and the dark, n; and ¢; are that
in air and under UV light illumination, and n,, ¢, are that in
NO,/air mixed gas and under UV light illumination. In the
dark, the adsorption of O, leads to the depletion of whole ZnO
nanofilm, as characterized by the low carrier concentration.
Further adsorption of NO, on ZnO nanofilm has no effect on
the surface state density, carrier concentration, and the surface
band bending. Thus, the gas sensitivity of ZnO nanofilm is
quite low. The illumination of UV light leads to the desorption
of adsorbed O, (surface state density decreases from 2.1 X 10"
/em® to 6.8 X 10'°/cm?), a dramatic increase of carrier
concentration, and the disappearance of the surface band
bending, as evidenced by the UV sensitivity with 6 orders of
magnitude. As to the situation with both NO, and UV
illumination, adsorption of NO, leads to the increase of surface
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state density (from 6.8 X 10'°/cm? to 1.3 X 10'2/cm?), which
reduces the carrier concentration and rebuilds the surface band
bending. The simulated sensitivities in different situations
agree well with the experimental values, which proves that the
gas sensitivity enhancement of the ZnO nanofilm gas sensor
should be ascribed to the more dramatic increase of surface
state density and surface band bending activated by UV light
illumination compared with that in the dark.

Although NO, gas has a greater binding energy than O, on
the ZnO surface, the adsorption of O, molecules in the dark
combined with the limited size of the nanoparticle leads to the
full depletion in ZnO and a higher energy level of surface state
compared with the Fermi level. These factors dramatically
restrict the further adsorption of NO, molecules in the dark. In
other words, electrons in ZnO are not available for the “strong”
adsorption of NO, molecules, which means the NO, gas in the
dark basically has no influence on the resistance of ZnO
nanoparticle and the surface barrier height. As a result, the
sensitivity of ZnO nanofilm to NO, gas in dark is quite low.
When illuminated by UV light, a new equilibrium between gas
molecules and carriers in ZnO is formed by three steps. First,
the combination of photogenerated holes and adsorbed O,
molecules leads to the release of electrons in ZnO, the
flattening of surface band bending, and the return of the
surface state to the position below the Fermi level. To form a
“strong” adsorption, NO, and O, molecules are now freely
competing for electrons in ZnO which is determined by their
respective binding energy. The larger binding energy of NO,
gas grants it a larger surface state density which gradually
depletes the electrons in ZnO and raises the position of surface
states until a new equilibrium is formed. Similar with the
situation in the dark, the ZnO is depleted and a surface barrier
is formed between ZnO nanoparticles, but they are mainly
attributed to the large surface state density of adsorbed NO,
molecules rather than that of O,. As a result, the sensitivity of
ZnO nanofilm gas sensor to NO, is activated and enhanced by
the UV light illumination.

B CONCLUSION

In summary, the influence of UV light illumination on the
surface state densities of adsorbed O, and NO, molecules are
quantified according to a modified Wolkenstein’s model and
the space charge model. The adsorption process in different
situations is mainly determined by the following factors: the
surface band bending and Fermi level of ZnO nanofilm, the
binding energy and extrinsic surface state of adsorbates, and
the depletion of whole semiconductor caused by the finite size.
With all these factors taken into consideration, good agreement
is reached between the simulated sensitivity and the
experimental results both in the dark and under UV light
illumination. The enhancement of ZnO nanofilm gas sensor by
UV light illumination is ascribed to the change of surface state
density and surface band bending. In the dark, no obvious
change is induced when NO, is introduced into the
atmosphere, which leads to a low sensitivity. While under
UV light illumination, the adsorption of NO, leads to the
surface state density changes from 6.8 X 10" cm™ to 1.3 X
102 cm™?, and the surface band bending changes from 0.005
to 0.075 eV. The combination of these factors results in the
enhancement of sensitivity led by UV light illumination.
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