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Photoconducting response on bending of individual ZnO nanowires†‡
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The bending effect of individual zinc oxide (ZnO) nanowires on photoconducting behavior has been

investigated by an in situ transmission electron microscopy (TEM) method. By increasing the nanowire

bending, the photocurrent of ZnO nanowire under ultraviolet illumination drops dramatically and the

photoresponse time becomes much shorter. A possible mechanism has been proposed and discussed.

The improved photo response performance by bending ZnO nanowires could be of significance for

their optoelectronics and sensor applications.
Introduction

Due to their unique electronic, optical, and piezoelectric prop-

erties, zinc oxide (ZnO) semiconducting nanowires are consid-

ered as an important multifunctional building block for

fabricating various nanodevices, such as field effect transistors,1–5

optically pumped lasers,6–8 photodetectors, optical switches,9–17

and sensors.18–23 Recently, the nanogenerators,24 piezoelectric

field effect transistors,25 and piezoelectric diodes26 based on ZnO

nanowires have been developed by the coupling of piezoelectric

and semiconducting properties of ZnO. Despite the abundant

research on semiconduting, piezoelectric and optoelectronic

properties of the ZnO nanowires, the coupling between the

optoelectronic property and the piezoelectric property is rarely

reported, which is of significance for their applications in opto-

electronics and sensor technologies and also could light on the

fundamental research of this material, such as the internal elec-

tronic structure, the surface effect and the piezoelectric-depen-

dent optoelectric transport. In this paper, we present a systematic

study of the photoconducting response on the bending of indi-

vidual ZnO nanowires by an in situ transmission electron

microscopy (TEM) method.

Experimental

The ZnO nanowires used in our experiments were synthesized by

the thermal evaporation of ZnO powders.27 The details are given

in the supplementary information.‡ In order to probe the

fundamental physical properties of a single nanowire, an in situ

TEM measurement system was built inside a JEOL 2010 FEG

TEM, operated in 10�5 Pa vacuum and at room temperature,

which has been used to study the mechanical properties of

nanowires,28 field emission properties of carbon nanotubes,29 and

electrical transport of ZnO nanowires.30 Our experimental setup

is schematically shown in Fig. 1(a). An LED chip, beside the ZnO

nanowire, was fixed on the frame of the specimen holder. The
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peak of the LED’s emission spectrum is at �380 nm,31–33 and its

full-width-at-half-maximum (FWHM) is �10 nm. To carry out

photoelectrical measurements inside TEM, the ZnO nanowire

was attached to the Pt tip with silver paint, then heated at 393 K

for 20 min to form a good electric contact.25 The Pt tip with ZnO

nanowire was then loaded to the specimen holder, and was

approached to its opposite electrode (Pt) by a piezo-manipulator.

In order to achieve an improved electrical contact between the

ZnO nanowire and the Pt tip, the following two steps were

adopted. At the first step, a field emission process was introduced

to clean the nanowire’s top end. The distance between the

nanowire and its opposite electrode is several micrometres, and

a relatively high voltage �400 V is applied. The field emission

current could reach as high as hundreds of nano-amperes. After 1

min of emission, the high voltage was turned off, and the Pt tip

was moved toward the ZnO nanowire to contact and bend it

a little. At the second step, we applied a voltage �50 V between

the two electrodes with transport current from tens to hundreds

of nano-amperes, for 1 min again. Because of the high resistance

at the contact points of nanowire ends, a local high temperature

generated by the Joule heating could weld the nanowire onto its

electrode, such that a stable electrical contact is realized.25,34

While performing the electrical measurements, the TEM electron

beam was blacked out to rule out the influence of electron

bombardment.
Results and discussion

Fig. 1(b) shows a ZnO nanowire clamped between two Pt elec-

trodes. Fig. 1(c) shows the corresponding I–V characteristics

curves (using Keithley 2400 and 6487) of the ZnO nanowire in

dark and under UV illumination, obtained by sweeping the

voltage from �5 to 5 V. The current through the nanowire

increases obviously under UV illumination. Because the electron-

hole pairs are photogenerated under illumination with photon

energy larger than the band gap (Eg), and the holes are readily

trapped at the surface, leaving behind unpaired electrons, which

increases the conductivity under an applied electric

field.9,10,13,17,20,35 There is an important point to be noted, that is

the symmetrical shape of the ZnO nanowire.

The ZnO nanowire was examined at a high TEM magnifica-

tion before the formation of the contact, as shown in Fig. 2(a).
This journal is ª The Royal Society of Chemistry 2009
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Fig. 2 (a) TEM image showing a stationary ZnO nanowire before con-

tacting, and the inset is its electron diffraction pattern. (b)–(d) The three

typical bending cases of the ZnO nanowire from a sequential bending

process. The arrows show no sliding during the bending process. (e) Cor-

responding I–V characteristics of the ZnO nanowire for the three different

bending cases. Both of the dark current and photocurrent decrease with the

increase of bending. Squares: (b); circles: (c); triangles: (d).

Fig. 1 (a) A setup for in situ TEM photoelectric measurements. ZnO

nanowires are attached on Pt wires (right electrode) with silver paint.

Another Pt probe (left electrode) is driven to approach the ZnO nanowire

by a three-dimensional piezo-manipulator. An LED chip is fixed on the

frame of the specimen holder. (b) A ZnO nanowire is clamped between

two Pt electrodes. (c) Corresponding I–V characteristics curves of the

ZnO nanowires in dark (squares) and under illumination (triangles),

respectively.
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The length of the nanowire is �3.2 mm, and its diameter is �198

nm. The SAED pattern (inset of Fig. 2(a)) indicates a single-

crystalline structure of the ZnO nanowire and its growth direc-

tion is along [0001]. With the same magnification, Fig. 3(b)–3(d)

show the three typical bending cases during a sequential bending
This journal is ª The Royal Society of Chemistry 2009
process of the ZnO nanowire by gently moving the piezo-driven

Pt tip. No sliding at the contact point between the nanowire and

its electrode was observed, as shown by the arrowheads inset.

The electrical transport properties of bent ZnO nanowire with

increasing bending were recorded under dark and UV illumina-

tion conditions, as shown in Fig. 2(e). At a bias of 5 V, the

currents increased upon illumination, and then decayed to

a stable value after the light was turned off. The currents both in

dark and under illumination decreases when the nanowire is

bent, indicating the conductance reduced with increasing strain.

Fig. 3 is the enlarged view of the rectangle regions in Fig. 2(e),

which shows the decay curve consists of two slopes: the fast decay

first and then a slow decay tail; the slow decay tail became shorter

with the increase of bending. These phenomena could be
J. Mater. Chem., 2009, 19, 1002–1005 | 1003
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Fig. 3 The enlarged view of the rectangle region in Fig. 2(e), the decay

time becomes shorter with the increase of bending. Squares: Fig. 2(b);

circles: Fig. 2(c); triangles: Fig. 2(d). The decay tails are fitted by the

exponential time dependency I ¼ I0exp(�t/tdt). The tdt are 17.0 s, 5.9 s

and 2.7 s respectively, corresponding to the bending cases in Fig. 2(b), (d),

and (d), respectively.
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attributed to the change of internal electronic structure of the

bent ZnO nanowire.

A bent ZnO nanowire can produce a positively charged and

negatively charged surface at its outer and inner bending arc

surfaces due to the stretching and compression on the surfaces,

respectively.24,25 The charges are static and nonmobile ionic

charges, thus, a small electric field would be induced across the

width of the ZnO nanowire, as schematically shown in the cross-

section image of the nanowire in Fig. 4(a). The electric field is

generated across the width of the ZnO nanowire while bending,

the reduction of the nanowire’s conductance can be accounted to
Fig. 4 Schematic diagrams of the proposed mechanism for the change of

the photocurrent and the photoresponse speed. (a) The piezo-induced

electric field due to the nonmobile ionic charges at the surface when the

nanowire is bent. The current drops due to the carrier trapping effect and

the reduction of the conducting channel. (b) The case for an unbent

nanowire: the conduction and valence band edges are bent near the

surface owing to the surface Fermi-level pinning. Electrons prefer in the

inner part, whereas the holes tend to migrate to the surface and be

trapped. Fi is the intrinsic surface recombination barrier. (c) The case for

a bent nanowire: the piezo-induced electric field lowers the surface

recombination barrier from Fi to Fb.

1004 | J. Mater. Chem., 2009, 19, 1002–1005
the following two reasons: some free electrons are trapped at the

outer arc surface (positive side surface) and become nonmobile

charges, so that the effective carrier density is lowered in the ZnO

nanowire as a n-type semiconductor. On the other hand, the free

electrons are repulsed away by the piezo-induced electric field

across the width of the nanowire. Consequently, the width of the

conducting channel in the ZnO nanowire becomes narrower with

the increase of the bending. So the carrier trapping effect and the

reduction of the conducting channel result in the decrease of the

conductance of the ZnO nanowire with the increase of bending.

A possible model is proposed to clarify the origin of the slower

decay tail with the increase of bending (Fig. 3). Because of the

surface Fermi-level pinning within the forbidden band, the n-type

ZnO nanowires exhibit a depletion space charge layer near the

surface.9,20,31,35–39 The ZnO nanowire can be depleted completely

or partly, depending on the wire thickness, dopant, and atmo-

sphere. The depletion space charge layer results in the electric

bands, conduction (Ec), and valence (Ev), being bent upward at

the surface of the ZnO nanowire, as shown schematically in

Fig. 4(b). Thus the photo-excited electrons prefer to stay in the

inner part of the column, whereas the holes tend to migrate to the

surface. Owing to the high surface-to-volume ratio of the nano-

wire, the holes are readily trapped at the surface. It could be

understood that the recombination of the carriers via surface

traps in the forbidden band is the prevailing recombination

mechanism.37 Due to the spatial separation of the photo-excited

holes and electrons, the recombination of non-equilibrium

carriers is reduced. So the electrons would have to surpass the

conduction band barrier F (Fig. 4(b)) at the surface for the

recombination. Actually, the recombination rate is basically fitted

by an exponential term exp(�F/kT),37 when the decay time of the

persistent photocurrent is mainly resulted from the surface

recombination, the holes are pushed to the surface due to band

bending and electrons have to overcome the corresponding

surface barrier in order to recombine. When the nanowire is bent,

the energy band is modified by the piezo-induced electric field.

Both the conduction band and valence band are upward near the

negative charge surface side, and downward near its opposite side,

as shown in Fig. 4(c). The barrier of bending case Fb (Fig. 4(c)) is

lower than that of Fi (Fig. 4(b)), which is the intrinsic recombi-

nation barrier only caused by the depletion space charge layer

near the surface. Because of the decrease ofFb, the recombination

rate will increase when the nanowire is further bent. As mentioned

before, the decay process consists of two parts, the fast decay and

the slow decay tail. The appearance of the slow decay tail is

believed to be associated with the recombination barrier.37,38

Thus, the slow decay time becomes shorter with the increase of

bending. We fitted the decay tails with the exponential depen-

dency I ¼ I0exp(�t/tdt),
40 where the tdt indicates how fast the

decay is. Fig. 3 shows the tdt are 17.0 s, 5.9 s and 2.7 s, respectively,

corresponding to the bending cases in Fig. 3(b), (c) and (d). It is

indicated that the photoresponse time greatly becomes shorter

with an increase of nanowire bending, which is of significance for

the optoelectronics and sensor applications of ZnO nanowires.
Conclusions

In conclusion, we have studied the electrical transport coupled

with the optical and piezoelectric properties of individual ZnO
This journal is ª The Royal Society of Chemistry 2009
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nanowires by an in situ TEM method, which also allows a direct

investigation of the property and the structure. It is found that

the photocurrent drops and the decay time largely decreases

with the increase of bending of the ZnO nanowire. The reduction

of the conductance is attributed to the charge trapping effect and

the decrease of the conducting channel, due to the piezo-induced

electric field when the ZnO nanowire is bent, and the slow decay

tail of the photocurrent is resulted from the surface recombina-

tion barrier. The fitted data shows that the photoresponse speed

becomes much higher when the ZnO nanowire is further bent.

The possible reason is that the piezo-induced electric field lowers

the surface recombination barrier, thus the surface recombina-

tion rate increases and the time of decay tail reduces. The

improved photoresponse speed might shed light on the design of

novel opto-piezoelectronic devices and sensors.
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