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ABSTRACT

Conductan otoexclted ZnO nanoparticles with various defects has been investigated in
oxygen Zn an oparticles, which show strong photoluminescence peaks originating from
1nters ial zméatom (Zn,) and singly charged oxygen vacancy (V,,"), show oxygen-pressure-

enden conductance changes caused by photoexcitation. Herein, a model is proposed to simulate

\c&qductance changes.
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Improving the sensitivity, response time, and lifetime of semiconductor oxygen sensors, and

Publishing
widening their applicability are expected to influence various fields such as biological science,
industrial processing, medical treatment, and agriculture. Most semiconductor oxygen sensors detect

oxygen attachments on the surface, principally using chemical means. Suchgensors are applicable for

various gases such as CO, ethanol, H,, and H,O, which remove oxyg fro}\% surface'™. Among

various detection mechanisms, ultraviolet (UV) light assisted nafostru¢ture (NS) oxygen sensors
%

have attracted much attention because they provide benefits ot igh sensitivity*®, but also

—~

of low working temperature®’. In fact, ZnO is studied cxtensively for use as a UV-assisted NS

oxygen sensor. Room-temperature operation of U@siste O NS oxygen sensors has been

reported. Furthermore, sensitivities of various Zn ano@icles have been reported according to

their size and production method*°. ‘\\

\
Actually, ZnO NS conductanc N§e own to respond to UV light excitation and to

-y
oxygen pressure>’. Nevertheless, theseymeehanisms must be elucidated further to realize highly

sensitive oxygen sensors and p%&ectors. For example, although a temporal change of

conductance for the excifed NS can be well simulated®, that with modification of oxygen

pressure has not beén achieved yet. This letter presents a simulation of temporal changes as
functions of oxé&%s re and UV power. The simulations provide useful models for

photodetector Q oxygen sensors. Furthermore, results suggest that an oxygen sensor can be

operated usi g the/'rutial temporal change instead of equilibrium conductivity (requiring >0.3 s in

ﬂ
our c%response time can be shortened considerably. The model presented in this report

ﬁ
ir%ﬁle assumption that the electron conduction channel is reduced by a depletion layer caused

%}{misorbed oxygen at the oxygen chemisorption site’. Results of this study suggest that the
eff

tive ZnO NSs sensor requires not only singly charged oxygen vacancy (V,,"), but also interstitial


http://dx.doi.org/10.1063/1.4958704

! I P | This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record. |

zinc atoms (Zn;). We believe that the energy of Zn, is close to the conduction band because the
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. . . Qg
existence of shallow defects has been reported for sensitive sensors’.

For our study, we applied nanoparticles (NPs) as NSs. The ZnO NPs were prepared using
laser ablation in water—ethanol mixtures. The liquid pressure and the co?,/entrations are modified to
generate various NPs. Details obtained from synthesis and photolu ne%nce ) spectroscopy of

the generated NPs have been presented in our previous report'’. le T presents the relative PL

—-—

G

To produce the test devices, the NPs are Cagt on @nam interdigitated electrodes (10 pm

width electrodes separated by 10 pm space)% f approximately 35 mm® and dried at the

signal ratios for several peaks for several processing condition ;‘@'ﬁﬁat‘ band edge peak reported

. . . . 11
eatlier is now assigned to a zinc vacancy defect .

moderate temperature of 40 °C. o~
\ <
Temporal change of the c ctivity of the ZnO electrodes after photoexcitation was

investigated in pure oxygen wit%ressures. For photoexcitation, a He-Cd laser at 325 nm is

irradiated for the NPs sittifig ongthe electrodes. The power density of UV light was 3.1 mW/mm?’.
The irradiated area wds appro igfately 2.5 mm’. The current growth after the photoexcitation was
recorded as the e dr {t the shunt of 10 kQ with constant applied voltage of 1.75 V. The
voltage acros e)nO electrodes varied from 0.6 V to 1.75 V during measurements. The resistance
curve is gemerated from the current and voltage curves calculated using Ohm’s law. We confirmed

-ﬁ
that t resistSnce 1s independent of the voltage in the tested conditions used for this study.

-

Ahhough we tested several samples for each synthesis condition, no response was observed
}1\[‘}1056 prepared in pure and 50% water, irrespective of the pressure during synthesis.
Oscillographs show only flat lines. They are therefore omitted here. However, the samples produced

with ZnO NPs synthesized in 99.5 vol% ethanol show clear response to the photoexcitation. The
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onse varies with the oxygen pressure. Examples are presented in Fig. 1 for NPs generated in
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high-pressure (8 MPa) ethanol and in Fig. 2 for those generated in atmospheric pressure (0.1 MPa).

All long-term oscillograms shown in Figs. 1(a) and 2(a) portray a common feature: increase
from nearly zero conductivity and then a plateau. The initial rise and the(t/alue at the plateau depend
on the oxygen pressure. Higher pressure shows lower values (given e%‘ne eléetrodes). The initial
tilt (shown in the Figs. 1(b) and 2(b)) is depicted in Fig. 3 as a fuhgtion“@f oxygen pressure, with

theoretical fittings described below. The initial rise decreases ¢ ley with the oxygen-pressure

_
increase. It is particularly interesting that the slopes di%sng liquid pressures during laser

ablation. & ‘)

-

Comparing the contrasting conductarﬂs&&h&;@ ith PL peak intensities shown in Table 1,

it can be inferred that shallow defects repo Marma et al.” are Zn, with energy level that is

reportedly 0.09—0.3 eV less than thagof t mﬂ'duction band". Furthermore, V" is expected to play
iy\

an important role, which we st Q@ based on results of the following analysis, acts as the
;nx@

chemisorption sites of oxygen. is probably similar to that of the oxygen vacancy in TiO,,
working as oxygen che isciéti\mite13 .
V.

Experime(t/ espo (4 of the conductance are analyzed further using a model that
incorporates caduction—band electron (¢) and hole (h") generation by photoexcitation (hvey)';
(i) oxygen 5 chemisorption at the site (Siteg,) and forming ionized oxygen (O,) and vice versa;

-

(iii) reg%%jon of the adsorbed electron (in O,) and the hole (h*) with oxygen detachment (iv)",
a@scombinaﬂon of the electrons (e.) and holes (h.") at a recombination center (C) with

\@)miemission (hven,). By the latest assumption (v), the recombination center density is assumed to
be ‘constant because the density is generally very high”'*. Consequently, the electron and hole

lifetimes are mutually independent. The processes described above are presented in Table 2 as six
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_reactions. The existence of these processes is supported by previous reports™'*"*. Assumptions we
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have made to fit the temporal change of the conductance are that (vi) the nominal area of the
electron conduction channel is reduced by the depletion layer, and that the area reduction rate is
proportional to the chemisorbed oxygen density. These assumptions are gupported qualitatively by

the fact that the conductance of a ZnO nanowire decreases concomitantly with increasing ambient
(o

1 . . . .
oxygen pressure . Furthermore, the current is assumed to be cagrie minantly by conduction-

band electrons. The hole current is neglected in our a y% presepted here. Consequently,
—~—
conductance (an inverse of the resistance R (£2)) can be de@gs

-~
1 1 =

)
Cq1L >
co-(ralor N, &

where [ ] denotes the density (m?), C, signi eg.ﬁme resistance for unit electron density including

contact resistance (- m™3), C, denote ‘w sistance of natural ZnO for a unit area and electron

&
¢
.~
density per unit length ((£- m_z),\\\{m ents the maximum area of the electron conduction
@&

channel of ZnO NPs (m?), K s x&e coefficient for the area reduction by an adsorbed O,

molecule (m’), and L is th ;f%e length of the conduction channel (m).
V.

From the reac ns/in Table 2, the rate equations for variable densities of e, O,, and h”

are the follow&?}ee.
Q

gl —Po,m (1 —%> + B — [i_] +12[0z] -+ (2)

&5 dloz] _ (1_ [03]

[siteg, ]

> —1,[07] = k;[h*][03] -+ (3)

d[h* h*
O —kah1103] + By - [Th]

e (4)


http://dx.doi.org/10.1063/1.4958704

! I P This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record. |
T

hc rein, Pg, represents the oxygen pressure (Pa). r; is the reaction constant of the oxygen
Publishin

chemlsorptlon on the oxygen chemisorption site (kg'm™s). 7, is the reaction constant for the oxygen
desorption from the chemisorption site (s'). By is the density of charge carriers generated per

second under UV illumination (m”s™). T, and Ty, are the electron and ho ifetime (s). Also, £, is the

reaction constant for the recombination of the adsorbed electron (in bﬂ\ghole (m’s™).

While maintaining equilibrium [O,] density in cases wit

‘L\T 11 [siteg, ] \
rz 51te02] /

0, y,

to citation and assuming a

\ By - (5)

"

Indeed, the dependenée o \\mal tilt on the oxygen pressure is apparent in Fig. 1(b) and
Fig. 2(b). Further [/ erimentally confirmed a linear relation between UV-light intensity and

the initial tilt esu not own) as suggested by eq. (5). Revisiting Fig. 3, it shows theoretical fitting

by eq. (5){In ;his iteing, a product of 7, and [siteg, ] for ZnO NPs synthesized at high pressure is

ﬂ
more than ZOSti es greater than those synthesized in atmospheric pressure. The difference shows

We assumed that this difference is attributable to the different particle sizes between the

pressures during syntheses. Our previous work suggests that the particle size decreases with ambient
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Publi h_]ﬁrge: sure increase'. With a decrease of ZnO NPs size, the surface oxygen chemisorption sites
ublishi

increase. Consequently, it is reasonable to infer that the density of the O, chemisorption sites, which

we believe are surface V," defects, is higher on the ZnO NPs produced at higher pressure.

Finally, Fig. 4 presents a simulation of the temporal change of thefconductance of ZnO NPs
electrodes after UV-light irradiation. The examples presented in Figf 4 phsults obtained for
s a

ZnO NPs synthesized at atmospheric pressure. These theoretical cu 7 constants from eq. (5)

fitted to the initial tilts, then other parameters in egs. (2)—(4) a odified to provide best fit to the
-

curves portrayed in Fig. 4. Reasonably good agreement %&d, indicating that the model and

assumptions are acceptable to produce the temporaq@nga))f conductance. The fitting parameters

applied here were, for example, B,; of 5.1 X 162 (m”s¥ tr-fder the UV intensity of 3.1 mW/mm?,

resulting in the ratio of By, to the UV inte it& X 10* m's"W, [siteg,] of 3.9 X 10* (m?),

\ for the By, of ZnO synthesized by RF diode

and £, of 1.0 X 10* (m’s™). The re va
/ (m™s™) G
sputtering is 6.3 X 10% (m”s™) with intensity of 20 pW/cm’, and therefore equal to 3.2 X 107 m’

's'"W";® which is of similar order\& Furthermore, the oxygen chemisorption site shows a

0
similar value to the repor@cmityw_
£
thésgco

In summagf, ndiictance of the photoexcited ZnO NPs which show different PL
spectra was m sﬁﬁ%ygen. Only ZnO NPs that show strong V,," and Zn, PL peaks respond to
the photo cit?tio epending on the oxygen pressure. Therefore, we believe that Zn,and V,," play
imporgant role T{e earlier are expected to be the shallow defects, as Sharma et al. reported. The
1 m&acéted to act as an oxygen chemisorption site. Moreover, the reaction model, which can
% 'tati)ely reproduce conduction changes at various oxygen pressures, is proposed. Curve fitting

.

experimental data revealed that high pressure during particle synthesis can generate more surface

Vo' defects.
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Publishigie 1. Relative ratios (%o) of PL peak area for several processing conditions'

. 50 vol.% water — 50 | Ethanol (99.5
Medium type Water vol.% ethanol vol.%)
Medium pressure 1 atm 13 MPa | 1atm 13 1\921 1 atm 8 MPa
Near band edge (zinc vacancy $ \

1.9 1.3 5.6 2.4 2.3

(V.0) 'R

— . 4
Interstitial zinc atom to zinc 29 13 5.6 %\3 20 19
vacancy (Zn-V,,) ( ~)

+ -‘-i\
Plus)r charged oxygen vacancy 50 37 S \Q 9 2 27
Vo)) 4
Interstitial oxygen atom (O)) | 69 73 T41 7| 48 28 28
Double char+g+ed oxygen 20 ZK\ %6 41 o4 25
vacancy (Vg )
)

11
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Table 2. Reactions considered for a photo-assisted oxygen response model

OZ(gaS) + Siteo2 + e 2 OE

.
= : N
07 +h* > Oy(gas) T +‘SIQ)\

e +C - eg+€-‘ \\

h*+C - l(cd-c\ 2
-
ec + h:we‘l.

4

hve, —» e~ + ht (—. \
X
~

12
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FIG. 1. Conductance—time curves of ZnO NPs
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Q%?e n high-pressure (8 MPa) ethanol: (a)
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FIG. 2. Conductance—time curves of MS synthesized in atmospheric-pressure ethanol: (a)

long-term and (b) short-term cugves x rrounding oxygen pressures after UV irradiation at 0

S.
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FIG. 3. Initial tilts of conductance as funcdxr%o'ﬁndjng oxygen pressure. Pressures for

synthesis are 8 MPa (m, black squares) and 1%\\( , blue triangles). Lines are simulated curves.
\
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