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nO is a semiconductor material with

a direct band gap and large exciton

bonding energy at room tempera-
ture and has many exciting applications
such as lasers,' 3 light-emitting diodes,* ¢
and solar cells.”~° Most interestingly, the
coupled piezoelectric and semiconducting

ABSTRACT Using a metal —semiconductor—metal back-to-back Schottky contacted ZnO microwire device,
we have demonstrated the piezoelectric effect on the output of a photocell. An externally applied strain produces
a piezopotential in the microwire, which tunes the effective height of the Schottky barrier (SB) at the local contact,
consequently changing the transport characteristics of the device. An equivalent circuit model together with the
thermionic emission theory has explained the four kinds of relationships observed between the photocurrent and
the applied strain. Our study shows the possibility of maximizing the output of a photocell by controlling strain

properties of ZnO make it an ideal choice
for applications in nanogenerators'®~'3 for
converting mechanical energy into electric-
ity and in piezotronic devices,' such as
strain sensors,'> piezoelectric diodes,'® and
piezoelectric field-effect transistors.” Ow-
ing to the noncentral symmetric ionic struc-
ture of ZnO, polarization of cations and an-
ions occurs in the tetrahedrally coordinated
unit of Zn—0 under stress. A constructive
sum of all of the dipoles in a c-axis oriented
nanowire results in a macroscopically ob-
servable piezoelectric potential (piezopo-
tential), which is created by the nonmobile
ions. The principle of the nanogenerator is
the piezopotential driven transient flow of
electrons in the external load. Piezotronics
is about the devices fabricated based on the
piezopotential tuned/gated charge carrier
transport process.

At a metal—ZnO0 interface, a Schottky
contact can be formed by choosing a
proper metal type which can be modified
during the engineering process.'® A Schot-
tky barrier (SB) is favorable to separate the
electrons and holes created in the vicinity of
the metal—ZnO interface under the excita-
tion of a laser with energy higher than the
band gap. If a strain is created in a ZnO
nanowire (NW), a piezopotential drop is cre-
ated along the NW, which may introduce
nonsymmetrical changes in the heights of
the local Schottky barriers at the two ends
of the NW. In this article, the effect of the pi-
ezopotential on the output of a photocell
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in the device.
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is investigated for an M—S—M constructed
ZnO microwire photocell. The response of
the output current to the applied strain can
be divided into four categories. A theoreti-
cal calculation showed that they essentially
represent different kinds of intrinsic charac-
teristics of the microwire photocell.

RESULTS AND DISCUSSION

Our device was fabricated using a single
micro/nanowire of ZnO (see the Experimen-
tal Methods for details). The experiment
setup is shown schematically in Figure 1.
First, all of the devices were tested for the
piezoelectric response. Because the micro-
wire was laid on the surface of the substrate
and fixed by the two ends, by considering
the relative size of the microwire and the
substrate, the mechanical behavior of the
entire system was dominated by the sub-
strate, and a bending of the flexible sub-
strate produced purely a tensile or com-
pressive strain in the microwire depending
on its bending direction. The strain in the
microwire can be quantified by the distance
at which the substrate was deflected.’” A
typical group of /—V curves representing
the piezoelectric response is shown in Fig-
ure 2a. When a ZnO microwire was com-
pressed or stretched along the c-axis, a
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Figure 1. Schematic of the experiment design. (a) Device without strain. (b) Device under strain.

piezopotential drop was created along the microwire.
In order to give an intuitive and qualitative description
of the effect of the piezopotential, the inset in Figure 2a
shows a numerically calculated piezopotential distribu-
tion in the wire using the finite element method with-
out considering the natural doping introduced during
the synthesis. In this calculation, the dimensions of the
wire were assumed to be 900 nm in length and 200 nm
in diameter. A force of 80 nN was applied along the
axial direction at one end surface of the wire to intro-
duce a compressive or tensile strain, while the other
end of the wire was fixed. We can see that the piezopo-
tential changed its sign from one end to the other end
of the wire under an axial deformation. When the defor-
mation is switched from compressive into stretching,
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Figure 2. (a) Piezoelectric response test of a device. Inset:
Simulations of the piezopotential distribution in the wire un-
der different straining conditions. (b) Measured output cur-
rent when the laser spot was focused at different positions.
The inset shows the sketched picture to indicate the related
illuminating position of the laser on the device.
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the polarity of the piezopotential is also switched. This
piezoelectric field distribution around the
metal—semiconductor contact area in the device will
change the effective height of the SB in a different man-
ner at each end and consequently the transport proper-
ties of the device, as shown in Figure 2a. It must be
mentioned that the applied strain will also change the
band structure slightly, which is the piezoresistance ef-
fect. This effect also introduces a change in the SB
height, but it should be identical at the two ends of
the device. While the piezopotential has polarity, it is a
nonsymmetric effect at the two ends and is likely to in-
troduce a nonsymmetric variation in the [—V
characteristic.

We now use the M—S—M contacted microwire to il-
lustrate the effect of the piezopotential on the perfor-
mance of a photocell. First, by shining a laser of wave-
length 325 nm, the output current was recorded from
the device when the laser spot was focused at different
positions on the device, as shown in Figure 2b. The en-
tire device is constructed with two back-to-back SBs
connected via the microwire. When the focal point of
the laser beam changed from one SB to the other, the
measured output current changed its sign. This is due
to the opposite directions of the local electrical fields at
the two SB areas, which enforce the separation of elec-
trons and holes induced by the laser irradiation and
thus lead them to flow in opposite directions. If we fixed
the laser beam at one SB area and bend the substrate
of the device step-by-step, strain will be introduced into
the device step-by-step. Depending on the deforma-
tion direction, the sign of the strain is changed from
negative to positive or vice versa. Meanwhile, the corre-
sponding piezopotential distribution in the wire will
also be adjusted step-by-step. This will alter the effec-
tive heights of the two SBs and thus the characteristic
of the microwire photocell.

Four kinds of characteristic relationships between
the output current and the applied strain have been ob-
served. The first one is that the output current increases
with applied strain, as shown in Figure 3a. We have
tested 26 devices, and 14 of them exhibited this type
of behavior. The second kind is just opposite to the first
one: the output current decreases when the applied
strain is increased (Figure 3b). Only 2 devices out of the
26 had this type of output current characteristic. The
third kind and the fourth are similar. They both have a
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Figure 3. Output current responses to the strain applied on the device, which can be divided into four categories: (a) in-
creasing, (b) decreasing, and with a maximum under (c) applying positive strain or (d) negative strain. The inset is the calcu-
lated results to indicate the output current behavior based on the related parameters, showing a similar changing trend com-

pared with the experimental data after normalization.

maximum output current responding to the applied
strain, but for the former one, the maximum point oc-
curred in the tensile strain range (Figure 3c), while the
latter is in the compressive strain range (Figure 3d).
Among the 26 devices, 6 devices were in the third case
and 4 in the fourth one. These different behaviors indi-
cated some intrinsic difference in these photocells.
The coupling among the optical, mechanical, and
electrical properties in these ZnO devices provides a
new method to distinguish and probe their intrinsic
characteristics. Their behavior can be quantitatively un-
derstood based on an equivalent circuit simulation to-
gether with thermionic emission theory for the photo-
cell. When a laser beam with a fixed power is focused at
the SB area, this part worked as a constant photocur-
rent source, which is connected in parallel with a for-
ward biased Schottky diode (referred to as SD,) that
characterizes the role played by the SB. The output cur-
rent we measured is the current that passes through
the rest of the circuit, which is the other forward biased
Schottky diode at the opposite end of the device (re-
ferred to as SD,) and the microwire. When a strain is in-
troduced into the device via bending, the SB height
and the resistance of the microwire are all changed cor-
respondingly. These three parts will serve as three rheo-
stats (R;, Ry, and Ry) that are a function of the strain.
The coupling among these variable electronic param-
eters and their matching with the load produces vari-
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ous output configurations, as elaborated in what
follows.

On the basis of the characteristics of the equivalent
circuit (Figure 4b), we have

I=1+1, (1)

V=1R,+V, (2)

in which I is the constant photocurrent induced by the
laser irradiation, /; and /, are the currents passing
through the corresponding circuit branch where SD;
and SD, are contained, and V and V, are the voltage
drops on the constant photocurrent source and SD,. For
a forward biased Schottky diode, the current passing
through can be described by thermionic emission
theory:'?

g
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Figure 4. Structure of a microwire photocell circuit and its corre-

sponding equivalent circuit for theoretical calculation.
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Iy =1 exp(%{) - 1] (3)
l, = Izs[exp(qk—‘;_z) - 1] 4
where
s = S1A*T2exp(—qki_§,_2) (5)
L, = SZA*TZexp(—qki;z) (6)

in which S; and S, are the Schottky contact areas and
&1 and &, are the SB heights for SD; and SD,, respec-
tively, A* is the Richardson constant for thermionic
emission, T is the temperature, g is the electron charge,
and k is the Boltzmann constant.

If, gV/kT << 1, we can get the analytical solution of
the measured output current /, from eqs 1—4 as

_ al @)

I1s
ol = + 1| + Ryl
I25

l,

where a = kT/q. If this condition cannot be met, we
also checked the numerical solutions for /,. We found
that, for the same parameters, the analytical and nu-
merical solutions showed the same variation trend, and
there were only some small differences in the current
magnitude for the final simulation data. So, in order to
get a more intuitive analysis, we assume that eq 7 al-
ways holds.

We can define a function f(g) as

fle) = a(%: + 1) + Ryl 8
in which ¢ is the applied strain. According to the experi-
mental results, the variation of Ry in responding to
strain can be ignored. Our previous experimental re-
sults’ showed that, for a small strain range, we can in-
troduce an empirical expression:

&1 = Kig + ¢y Ky <0
{d’z = Ke + ¢20and Ky <0 ®)

Thus, On the basis of eqs 5, 6, and 8, we can get

df(s) _ ( 1 (10)

ds

K.
R = g(1 - —2)
I25 K1

Case 1: If |Ki| > |Ki|, df(e)/de > 0, I, will be a
decreasing function of ¢, corresponding to
the case observed in Figure 3b.

Case 2: If, |Ki| < |K3|, the sign of df(e)/de depends on
the relative magnitude between |R’| and R,.

—k—T)/15K1 [R'+ Ry]

in which

(1
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Because I is a function of ¢, R will change its
magnitude when strain is applied. Thus, under a proper
straining condition, we have the following subcases:

Case 2-a: when |R'| > R, df(e)/de < 0, ,is a
increasing function of .

Case 2-b: when |R’| = Ry, df(e)/de = 0, I, will
reach its maximum at this point.

Case 2-c: when |R'| < Ry, df(e)/de >0, ,is a
decreasing function of ¢,

Because the strain we applied was a limiting extent,
the variation range of |R'| is restricted. If |R'| >> Ry is
the initial state of the device, the change of |R'| will be
for the strain range of Case 2-a, which corresponds to
the result presented in Figure 3a. Similarly, if the initial
states of the device is |R’| << Ry, the change of |R’| will
be for Case 2-c, and the corresponding result is shown
in Figure 3b. Finally, if |R'| R is comparable with the
value of Ry, I, reaches its maximum in the positive (Fig-
ure 3c¢) or negative (Figure 3d) strain range depending
on the initial relative magnitude of the two values.

From the statistical point of view, the probability for
having |[Ki| > |K;| and |Ki| < |K;| should be equal. Thus,
the monotonic decreasing case should be observed
more than half the time in fabricated devices. This is
not the case observed in our experiments. As we have
shown previously, the free electrons in the n-type ZnO
will partially screen the piezoelectric field.?° Since the la-
ser beam was focused on the SD; area, the free carrier
density at this local region was increased drastically un-
der laser irradiation. In such a case, the effect intro-
duced by the piezopotential was much reduced at this
local region.?" Therefore, in most cases, |K;| < |K3|. In ref-
erence to the distribution of device characteristics as
elaborated in Figure 3, most of the devices met the cri-
terion of |R'| > R, (Case 2-a). Therefore, the four differ-
ent photocurrent behaviors presented in Figure 3 repre-
sent the different intrinsic characteristics of microwire
photocells.

In order to examine the intrinsic role played by |K/
K> and |R'/R,| as stated above, we calculated the out-
put current from eq 7 as a function of these two param-
eters. The related experimental data were plotted
comparing these calculated results after normalization.
We fixed ¢b1g = by = 0.4 €V, and | = 107° A for all of the
cases. We chose K; = —0.04, K, = —0.1, which is the
typical value obtained from the experiments; when Ry
is changed from 0.1 to 3 M(Q) and then to 20 M(), the
photocurrent behaviors changed from increasing trend,
with a maximum point at the positive strain range and
then to a maximum point at the negative strain range,
as shown in the insets of Figure 3a,c,d, respectively.
When we chose K; = —0.1, K, = —0.04, and R = 1 M(),
a decreasing behavior of the photocurrent was ob-
tained, as shown in the inset of Figure 3b. These simu-
lated results agree with the experimental data quantita-
tively in the overall trend.
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CONCLUSION

In summary, using a metal —semiconductor—metal
back-to-back Schottky contacted ZnO microwire de-
vice, we have demonstrated the piezoelectric effect on
the output of the photocell. An externally applied strain
produces a piezopotential in the microwire, which
tunes the effective Schottky barrier height of the

EXPERIMENTAL METHODS

The ultralong ZnO microwires used in our study were grown
by a high-temperature thermal evaporation process.?? For fabri-
cating a ZnO microwire photocell, a ZnO microwire was first laid
down on a polystyrene (PS) substrate, and then each end of the
wire was fixed to the substrate using silver paste. The dimension
of the PS substrate was 3.5 mm long, 5 mm wide, and T mm
thick. An additional very thin layer of polydimethylsiloxane
(PDMS) was used to package the device, and it kept the device
mechanically robust under repeated manipulation. Flexible and
transparent microwire photocells were obtained after drying in
air for 48 h. The experimental design is sketched in Figure 1. The
strain was introduced via bending the substrate by a precisely
controlled linear stage (MFA-CC, Newport Corp.) with a motion
resolution of 0.0175 pm. A He—Cd laser beam (wavelength =
325 nm, diameter < 20 um) was focused at the designed posi-
tion on the device. We utilized a UV enhanced CCD camera to act
as the monitor. A Keithley 4200 semiconductor characterization
system was used to carry out electrical measurement.
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