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 The piezo-phototronic effect is a new fi eld of research that uti-

lizes the three-way coupling of piezoelectricity, photoexcitation 
and semiconductor properties of the same material to enhance 
its performance for optoelectronic devices. [  1  ,  2  ]  Its core physics 
relies on the modifi cation effect of the piezoelectric potential 
(piezopotential) on the band structure at a contact or junction 
for effective tuning/controlling of the charge transport. Mate-
rials that exhibit the piezo-phototronic effect are mainly in the 
Wurtzite family, such as ZnO, CdS, GaN, InP, etc. [  3  ,  –    6  ]  The 
one-dimensional structures of these materials are ideal for fab-
ricating strain-controlled piezo-phototronic devices. The strain 
applied to cause the deformation of the nanowires is mainly 
through shape change of the fl exible substrate that supports 
the device. Such devices can be the basis for active fl exible elec-
tronics, which uses the mechanical actuation from the substrate 
for inducing new electronic/optoelectronic effects. 

 As the piezopotential is controlled by externally applied 
mechanical deformation with different orientation and magni-
tude, the piezo-phototronics effect can be combined with fl ex-
ible optoelectronics to promote new device functions. Previ-
ously, we have demonstrated the enhancement of the sensitivity 
of UV photodetector, [  6  ]  the response of photocells, [  7  ]  and the 
emission effi ciency of light emitting diodes. [  8  ]  In these reports, 
the coupling between piezoelectric effect and photoexcitation 
has been investigated experimentally. Theoretical calculation of 
the piezopotential along ZnO nanowires under different strain 
has been carried out, [  9–11  ]  and a theoretical framework has been 
built for the two-way coupling between the piezoelectric effect 
and semiconductor transport properties. [  12  ]  

 Theoretical study for the three-way coupling in piezo-
phototronics remains to be investigated. Constructing such a 
model will not only provide an in-depth understanding about 
the experimental results, but also explore the core phenomena 
and build high performance devices. Besides piezo-phototronic 
effect, other factors such as piezoresistance effect and change 
of contact area or contact condition can also affect the device 
performance. It is important to distinguish the contribution 
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made by the piezo-phototronics effect from these other factors 
through theoretical analysis. 

 In this paper, we have constructed a theoretical model and 
fabricated corresponding experimental devices to study the 
piezo-phototronic photodetectors based on single-Schottky and 
double-Schottky contacted metal–semiconductor–metal (MSM) 
structures. We have coupled the photoexcitation and piezoelec-
tric terms into basic current equations to study their infl uence 
on the fi nal device performance. Theoretically predicted results 
have been quantitatively verifi ed by photodetectors based on 
CdS nanowires for visible light and ZnO nanowires for UV 
light. Our experimental results show that the piezo-phototronic 
effect dominates the performance of the photodetector rather 
than other experimental factors. It is shown that the piezo-
phototronic effect is signifi cantly pronounced at low light 
intensities, which is important for extending the sensitivity and 
application range of the photodetector. The conclusions drawn 
on Schottky contacts present the core properties of the effect 
and can easily be extrapolated to other structures like p-n junc-
tions. Finally, based on the theoretical model and experimental 
results, we have proposed three criteria for describing the con-
tribution made by the piezo-phototronic effect to the perform-
ance of the photodetectors, which are useful for distinguishing 
this effect from other factors in governing the performance of 
the photodetector. 

 The theoretical model for two-way coupling in piezotronics 
has been developed in a previous report. [  12  ]  Here we adopt the 
same assumptions and follow similar methods, as schematically 
shown in  Figure    1  . The depletion approximation is assumed 
for the Schottky contact. Piezoelectric polarization is induced 
in a semiconductor nanowire when it is subjects to strain, it 
is reasonable to assume that the piezo charges are distributed 
in a layer in the depletion zone, which tune the Schottky bar-
rier height. The formation of an inner potential will drive the 
free charge carriers to redistribute. If there is no external bias, 
the inner electric fi eld and net charges should only exist in the 
depletion zone at static or quasi-static state. The Schottky con-
tact current equation will be used as the basic starting point. 
The infl uence of photoexcitation and piezo-charges on the 
material band structure will be discussed, and the fi nal coupled 
term will be integrated into the current transport equation. To 
give more intuitive perspective of the piezo-phototronic effect, 
we have also carried out numerical simulations. A one-dimen-
sional model and other simplifi cations are adopted for easy 
understanding. The core equations and conclusions are shown 
in the anayltical model below.   

 Current Density for a Forward Schottky Contact : For a piezo-
phototronic photodetector, a measurement of the photon-
induced current is an indication of photon intensity. The cou-
pling effect of piezoelectricity and photon excitation is also 
bH & Co. KGaA, Weinheim 1wileyonlinelibrary.com
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     Figure  1 .     Illustration of ideal metal–semiconductor-metal structures with the presence of piezo-charges and photon generated charges. (a) Space 
charge distribution and corresponding (b) energy band diagram in the presence of piezo charges and photo generated charges. Dashed lines stand 
for original barriers without strain nor photoexcitation. The solid line is the fi nally tuned band structure by the piezo-charges, with one end being lifted 
up and one side being lowed.  
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studied as a strain being applied. For an n-type Schottky con-
tacted device between a metal and a semiconductor under for-
ward bias voltage, the thermionic emission (TE) theory should 
be adopted for the charge carrier transport, and the current 
density under forward bias  J F   is [  13  ] 

 JF = A∗T 2e− q
kT

ϕn (e V − 1)
q

kT   (1)   

where  A   ∗   is the Richardson constant,  T  is temperature,  q  is elec-
tron charge,   ϕ  n   is the effective Schottky barrier height, and  V  is 
the applied voltage across the contact. 

  Current Density for a Reversely Biased Schottky Contact : For a 
reversely biased n-type Schottky contact, the TE theory under-
estimates the current, but the thermionic fi eld emission (TFE) 
theory which takes into account the tunneling effect describes 
the behavior of heavily doped semiconductor materials 
better. [  13  ,  14  ]  According to the TFE theory, the current density 
under reverse bias takes the form of

 JR = Jsve− q
E0

ϕne VR
q

kT
− q

E0
)(
  

(2)
   
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
where  J sv   is the slowly varying term regarding applied voltage 
and Schottky barrier change,  V R   is the reverse voltage,  q  is elec-
tron charge,  k  the Boltzmann constant, and  E  0  is a tunneling 
parameter of the same order of but larger than  kT . [  15  ]  Usually  E  0  
is larger than  kT , and is constant regarding barrier height and 
applied voltage, so it is reasonable to assume that  E  0   =   akT , with 
 a   >  1, so equation (2) now becomes

 JR = Jsve− q
akT ϕn eVR

q
kT 1− 1

a)(
  

(3)
    

  Equations for Photoexcitation:  Photons with energy higher 
than the bandgap ( E g  ) of the photodetector material will excite 
electron-hole pairs. Under a steady light illumination, the 
excess free carrier concentration is constant. The excess carrier 
concentration is given by the continuity equation [  16  ]  

�n = �p = τnGL (I)   (4)   

where  Δ  n  is the excess electron concentration and  Δ  p  the excess 
hole concentration under light illumination,   τ  n   is the carrier 
lifetime, and  G L  ( I ) is the rate of photon generation, which is a 
function of light intensity. 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 
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 Without photoexcitation the Fermi level of the semicon-
ductor lines up with the Fermi level of the metal. When a 
nanowire is illuminated, the existence of excess carriers will 
result in a split of the original Fermi level into two quasi-Fermi 
levels for electrons and holes accordingly, as shown in Figure 
 1 b. As long as the light illumination is uniform, the quasi 
Fermi level should also be uniform along the entire nanowire. 
The quasi Fermi level  E Fn    for electrons and  E Fp    for holes can 
be described by [  13  ] 

 
E Fn = E F + kT ln

n0 + �n
n0

)(
  

(5–1)
   

 
E F p = E F − kT ln

p0 + �p
p0

)(
  

(5–2)   

   Equations for Piezo-charges and Piezopotential : As in previous 
theoretical frame work for piezotronics, [  12  ]  the modifi cation to 
the Schottky barrier height by piezo-charges is

 
�ϕ piezo = − 1

2ε
ρ piezo W2

piezo
  

(6)
   

  where   ρ  piezo   is the density of the strain-induced piezo-charges 
at the nanowire side of the metal–semiconductor junction, and 
 W piezo   is the width of the piezo-polar charge distribution adja-
cent to the interface. 

 As piezoelectricity originated from inner crystal polarization 
of ions, the piezo-charges can be seen as fi xed charges at the 
two ends of the nanowire with opposite signs, which is shown 
in Figure  1 a. For a Wurtzite structured nanowire with strain 
along the c-axis, which is assumed to be the growth direction of 
the nanowire, the piezo polarization is

 P = e33s33 = ρpiezo1Wpiezo1 = −ρpiezo2Wpiezo2  (7)    

 where  e  33  stands for the piezoelectric constant, and  s  33  stands 
for the strain along the  c -axis,   ρ    piezo 1  is the density of the strain-
induced piezo-charges at contact 1, and   ρ    piezo 2  is the density of 
the strain-induced piezo-charges at contact 2. 

  Piezo-Phototronics Effect for a Single Schottky Contact:  For a 
Schottky contact, photo excitation can effectively reduce the 
height of the Schottky barrier, while the introduction of local 
piezo-charges can change the barrier height, which can be 
quantitatively expressed as

 
�ϕn = − 1

2ε
ρpiezo W2

piezo − kT
q ln

n0 + �n
n0

)(
  

(8)
    

 Thus, the modifi ed barrier height is

 ϕn = ϕn0 + �ϕn  
(9) 

  

  where   ϕ    n 0  is the original Schottky barrier height without strain 
nor light illumination. 

 The electron current density transported through a forwardly 
biased Schottky contact is then

 
Jn = Jn0

n0 + �n
n0

exp
q

kT
1
2ε ρ piezo W2

piezo)()(
  

(10)
   

  where  J n0   is the current density without applying light illumina-
tion nor external strain, and  Jn0 = A∗T 2e− q

kT
ϕn0 (e

q

kT
V − 1)   
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 
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As the sign of   ρ  piezo   depending on the direction of c-axis and 
type of applied strain, the presence of the piezo-charges can 
either enhance device current or reduce it depending to the ori-
entation of the nanowire.  

 Piezo-Phototronics Effect for a Double-Schottky-Contact Struc-
ture:  In a device with double Schottky contacts, under certain 
bias voltage, one junction will be reversely biased and the other 
junction will be forwardly biased. The current across the double 
Schottky junction device should take the form:

 I = SR JR = VNW/RNW = SF JF   (11)   

  where  S R   and  S F   are cross section area for reverse junction 
and forward junction accordingly,  R NW   is the resistance of the 
nanowire, and  V NW   is the voltage across the nanowire. Thus, 
we have:

 VR + VNW + VF = V   (12)    

 where  V R   and  V F   are the voltage across the reverse and forward 
junction, V  is the total applied voltage. 

 In Equation (11), the  R NW   term mainly infl uences the cur-
rent behavior at applied voltage above 5 V or higher, [  15  ]  and at 
working voltage range for photodetection, the dominating term 
should be mainly controlled by the reversely biased contact. 
To clearly see the effect of piezo-charges and photo excitation, 
we make reasonable simplifi cations that  V R    =   cV , where  c  is 
assumed constant and  c   <  1. Thus, Equation (3) now becomes:

 

J = Jsv exp − q

akT
ϕn0 exp V

q

kT
c(1 − 1

a
n0 + �n

n0

1
a

exp
q

akT

1

2ε
ρ piezo W2

piezo

( ))][)(

( )
  

(13)

    

 Thus, the device current under different bias voltage takes 
the form  

 I = S1 JC1( n0+�n
n0

)
1
a exp( q

akT
1
2ε

ρpiezo1W2
piezo1)    when contact 1 is 

under reverse bias ( V   >  0) (14–1)  

 I = −S2 JC2( n0+�n
n0

)
1
a exp( q

akT
1
2ε

ρpiezo2W2
piezo2)    when contact 2 is 

under reverse bias ( V   <  0) (14–2) 

 where  JC1 = Jsv1 exp(− q
a1kT ϕn10) exp[V q

kT c1(1− 1
a1

)]   and 
 JC2 = Jsv2 exp(− q

a2kT ϕn20) exp[V
q

kT c2(1 − 1
a2

)]   are the currents 
under reverse bias for contact 1 and 2 accordingly, and  S 1   and 
 S 2   are the areas for junction 1 and 2, respectively. As   ρ    piezo 1  
and   ρ    piezo 2  have opposite signs, Equation (14) shows asym-
metric change in photocurrent under opposite bias by the same 
amount of applied strain. 

  Numerical Simulation of a MSM Photodetector:  We now apply 
our analytical results to numerical calculation for a Ag-CdS-Ag 
structure. As the materials for piezo-phototronics are mainly 
Wurtzite structured materials such as CdS, ZnO and GaN, who 
share the same crystal symmetry, their piezoelectric coeffi cient 
matrix takes the same form. 

 The parameters for CdS are as follows: dielectric constant 
  ε    =    ε  s  ε   0 , with   ε  s    =  9.3, [  17  ]  and piezoelectric coeffi cient  e 33    =  
0.385 C/m 3 . The distribution width of piezo charges W piezo  is 
assumed 1 nm. The relationship between illumination power 
3wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     Results for numerical simulation for a metal-CdS-metal photode-
tector with a Schottky contact on one end and Ohmic contact on the other 
end based on our analytical solution. (a,b) Relative current density versus 
voltage under different strains and the same illumination power, for two 
devices with different orientation of  c  -axis regarding the position of the 
Schottky contact.  J  0  is set as the current of the device at zero strain and at 
applied voltage of 0.5 V. Insets are the confi guration of device and direction 
of forward bias. (c) Current-voltage diagram under different illumination 
power.  J  0  is set for the dark current at forward applied voltage of 0.5 V.  
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and photo current is given by the following equation as well as 
Equation (4):

 

Iph

Pill
= ηextq

hν
�G

  
(15)

   

where  I ph   is the photo current,  P ill   is the illumination power, 
which is related to excitation power and the diameter of the wire 
as well as, and the spacing between the two electrodes;   η  ext   is 
the external quantum effi ciency;  q  is the electron charge;  h  the 
Plank constant,   ν   the light frequency, and  Γ   G   the internal gain. 
In the photoexcitation process,  Γ   G   and   η  ext   relates to the value 
of G L (I) in equation (4) For photoexcitation, we assume   η  ext    =  
1,  Γ   G    =  1.5  ×  10 5 , [  6  ]  carrier lifetime   τ  n    =  3.6 ns. [  18  ]  For typical 
visible light photodetection experiments, the light wavelength 
 λ   =  486 nm. At dark condition, the electron concentration in 
CdS nanowire is assumed to be 1  ×  10 15  cm  − 3 . The size of the 
nanowire does not affect the calculation in our model, unless 
the diameter is small enough for quantum effect to occur. 

 For a Ag-CdS-Ag structure with one Ohmic contact and one 
Schottky contact, we are able to calculate the photocurrent 
under the same intensity of light illumination with applied 
strain varying from 0 to 1% when forward bias is applied on 
the Schottky contact, using Equation (10). Depending on the 
direction of  c -axis, the photocurrent can either increase or 
decrease with applied strain.  Figure    2  a and Figure  2 b shows 
the performance of two single-Schottky-contact devices, the 
confi guration of which are shown in the inset of Figure  2 a and 
Figure  2 b accordingly. We are also able to calculate the photo-
current under strain-free conditions with different illumination 
power, as shown in Figure  2 c.  

 For a Ag-CdS-Ag structure with two Schottky contacts at both 
ends, we set  a   =  1.3 and  c   =  0.8 in Equation (13), which are 
reasonable values according to previous reports. [  15  ]  The result 
of the according simulation is shown in  Figure    3  . In Figure  3 a, 
the asymmetric characteristic of the piezo-phototronic effect 
is demonstrated very clearly: the change of current under the 
same amount of applied strain is opposite when the bias voltage 
is applied at the opposite direction. Figure  3 b shows that under 
different illumination power, the photocurrent changes sym-
metrically with regard to the two Schottky contacts.  

 For ZnO, the dielectric constant   ε  s    =  8.9, piezoelectric coef-
fi cient  e 33    =  1.22 C/m 3 , carrier lifetime   τ  n    =  3.0 ns. [  19  ]  which 
means that the simulation results for ZnO will only have 
a slight difference in magnitude with CdS, and will have the 
same trends of change with strain and light intensity. Numer-
ical simulation for ZnO photodetection is also carried out and 
shown in  Figure    4  .  

 To further verify our model, we have designed experiments to 
study the CdS nanowire based photodetectors. CdS has a band gap 
of  ∼ 2.4 eV, which corresponds to excitation wavelength  ∼ 520 nm. 
Thus, CdS can be utilized for detection of visible light. CdS 
nanowires have Wurtzite crystal structures, which is the same as 
ZnO nanowires, so their piezoelectric coeffi cient tensor and other 
crystal symmetry related parameters take similar forms. 

  Device Fabrication and Measurement : Our CdS nanowires 
were synthesized using high-temperature thermal evaporation 
process, and are typically 1 to 3 micrometers in diameter and sev-
eral hundreds of micrometers in length. [  20  ,  21  ]  The photodetectors 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
are fabricated in a similar way as reported previously: [  6  ]  a single 
CdS nanowire is placed on an elastic Kapton (polyimide) sub-
strate with a size of around 20 mm  ×  8 mm  ×  0.5 mm, with 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 
DOI: 10.1002/adma.201104333
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     Figure  3 .     Numerical simulation for a metal-CdS-metal photodetector 
with Schottky contact on both ends based on our analytical solution. 
(a) Relative current density vs. voltage under different strains and the 
same illumination power.  J  0  is set as the current of the device at zero 
strain and at reverse applied voltage of 0.5 V. Inset is the confi guration of 
device and direction of forward bias. (b) current-voltage diagram under 
different illumination power.  J  0  is set for the dark current at forward 
applied voltage of 0.5 V.  
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both ends bonded to the substrate and copper wires using 
silver paste. The device is placed upside-down onto a Nikon 
Eclipse Ti inverted microscope system, which can monitor 
and excite the photon detection. A 3D stage with a movement 
resolution of 1  μ m is placed on top of the device to apply 
mechanical force, and it induces tensile strain in the longitu-
dinal direction of the nanowire. In this microscope system the 
excitation light source is a Nikon Intensilight C-HGFIE lamp, 
and a remote controller and neutral density fi lters is used to 
adjust illumination power. For the CdS photodetector, blue 
light with a center wavelength of 486 nm is used. The light 
beam is focused onto the nanowire using a 10 ×  magnifying 
lens. Current–voltage measurements are carried out using a 
Keithley 487 picoammeter/voltage source in conjunction with 
a GPIB controller (National Instruments GPIB-USB-HS, NI 
488.2). The schematic diagram of the experiment method is 
shown in Figure S1. 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 
DOI: 10.1002/adma.201104333
  Experimental Results and Comparison with Calculation:  Our 
experimental results shows two kinds of typical MSM photodetec-
tors, single Schottky contact photodetector and double Schottky 
contact photodetector.  Figure    5   is the result for a single Schottky 
contact photodetector. As shown in Figure  5 b, the current 
decreases under increasing strain. Thus, the device confi guration 
and direction of the  c -axis is as shown in the inset of Figure  5 b. 
In Figure  5 d, the change of responsivity R with applied strain 
for the photodetector is calculated while the illumination power 
is kept at 6.4  ×  10  − 6  W/cm 2 . Responsivity is the measurement 
of degree of sensitivity, and we have  R = Iph

Pill
  , where  I ph   is the 

photo current,  P ill   is the illumination power, which is the meas-
urement of light intensity. We can see that the responsivity in 
this case decreases with positive strain. As the piezo-phototronic 
effect is asymmetric and direction-sensitive, the direction of the 
 c -axis should be taken into consideration in device fabrication 
with a single Schottky contact in order to get an enhancement 
rather than a decrease in device performance. In Figure  5 c it is 
shown that the rectifying current–voltage behavior has changed 
to a nearly symmetric behavior when the illumination power 
increases to as high as 0.24 W/cm 2 . This can be explained by the 
increase of the quasi-Fermi level, which leads to a quick break-
down of the Schottky contact under a reversely biasing voltage.    

 Figure 6   is the result for a double Schottky contact photode-
tector. As shown in Figure  6 b, the change in  I – V  characteristic 
with applied strain is in the way exactly as predicted by the the-
oretical model: while the current under forward bias increases 
with applied strain, under reverse bias the current decreases 
with it. Our experiments on ZnO nanowire based photodetector 
for UV light also fi t the theory nicely (Figure  4 d).  

 In both Figure  5 c and Figure  6 c, we can see that, with an 
increase in illumination power, the strain effects are not as sig-
nifi cant as that at lower illumination power. As the piezo-charges 
are independent of illumination power, and change in Fermi level 
at higher illumination power can dictate the change in Schottky 
barrier height. With higher light density, the  I-V  characteristic 
of the photodetector gets closer to a linear behavior, because the 
photo excited excess charge carrier density  Δ  n  can be signifi cantly 
larger than the intrinsic charge carrier due to doping, and the 
quasi-Fermi level for electrons gets much higher than the Fermi 
level of the metal, whereas charge redistribution also takes place, 
which can reduce the depletion region and lower the effective 
Schottky barrier height. Thus, the Schottky barrier height gets 
so low that their behaviors are very close to the linear behavior 
of Ohmic contact, and the infl uence of piezo charges are not as 
signifi cant as lower illumination power conditions. Therefore, 
the piezo-phototronic effect can help enhance sensitivity of the 
detection at low light intensity, but does not necessarily have sig-
nifi cant effect for strong light intensity. In practice, the detection 
of low intensity light is practically desired. 

 However, several other factors needs to be considered as well:  

 1) Effect of piezoresistance  

 When a crystal lattice is deformed under strain, the band gap 
width shall have a minor change, and can fi nally result in con-
ductance change of the semiconductor. This is called the pie-
zoresistance effect. [  22  ,  23  ]  The piezoresistance effect is present 
in semiconductors either with or without piezoelectricity. In 
5wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     Numerical calculation regarding photodetection of Ag-ZnO-Ag structure. (a) (b) are relative current density vs. voltage under different strains 
and the same illumination power, for two devices with different orientation of  c  -axis regarding the position of the Schottky contact.  J  0  is set as the cur-
rent of the device at zero strain and at applied voltage of 0.5 V. Insets are the confi guration of device and direction of forward bias. (c) Relative current 
density vs. voltage under different strains and the same illumination power.  J  0  is set as the current of the device at zero strain and at reverse applied 
voltage of 0.5 V. Inset is the confi guration of device and direction of forward bias. (d) Characteristic of a piezo-phototronic photodetection based on 
ZnO nanowires for UV light. The asymmetric change of current under changing strain is clearly demonstrated. Inset is the change of responsivity for 
forward bias under positive strain.  
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piezotronics and piezo-phototronics, piezoresistance is always 
accompanied by the piezoelectric effect. 

 If piezoresistance effect occurs, the change of resistance is 
given by

 

δρ

ρ
= π

δl

l   
(16)

   

where   ρ   is the resistance of the semiconductor,  l  is the orig-
inal length of the nanowire,   δ  ρ   is the resistance change due 
to piezoresistance effect,   δ l  is the change in nanowire length, 
and   π   is the piezoresistance coeffi cient. From Equation (16) 
we can see that the piezoresistance is a resistance effect that 
is uniform and symmetric regardless of the bias of the applied 
voltage. 

  2) Effect of series resistance  

 There are a lot of factors that result in deviation of  I-V  charac-
teristic from ideal current-voltage equation, and one of the most 
important factors should be the effect of series resistance. Series 
resistance is the equivalent resistance of various factors in the 
electric circuit, including outer circuit resistance, capacitors 
and inductors. Methods to solve the infl uence of series resist-
6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
ance have been extensively developed. [  24  ,  25  ]  According to these 
solutions, when applied voltage is small, the device behavior is 
dominated by current equations for contact junction, including 
Equation (1) and (2); when applied voltage is large, the device 
behavior is mostly linear. 

 Other factors also include the surface trapped charges on the 
contact areas and the change in contact areas due to externally 
applied strain. These factors either show a similar behavior to 
the piezoresistance effect or should be too small to affect the 
results. 

 In our model and experiments we successfully demonstrate 
the difference between the piezo-phototronics effect and other 
non-piezoelectric effects in highly sensitive photodetection. 
Here we propose three criteria for characterizing piezo-pho-
totronic photodetection.  

 i)     Piezo-phototronic photodetection requires the presence of a 
charge barrier, including a Schottky junction, p-n junction, 
or some special heterostructure. [  4  ]  Recent studies have also 
shown that a static internal potential fi eld can also be in-
duced due to piezoelectric effect in special structures such 
as core–shell nanowires made of materials that have a lattice 
mismatch. [  4  ]  The piezo charges originate from the dipole na-
ture of piezoelectricity, and they accumulate at the ends of the 
piezoelectric semiconductor nanowire as fi xed charges. With 
the existence of a charge barrier, the small amount of piezo 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 
DOI: 10.1002/adma.201104333
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     Figure  5 .     Experimental results for a CdS nanowire MSM photodetector with a single Schottky contact. Light illumination with monochromic blue 
light centered at 486 nm. (a) Current-voltage characteristic under different illumination power. Inset it dark current without strain. (b) Current-
voltage characteristic under different strain when illumination power is 6.4  × 10  − 6  W/cm 2 . Inset is the confi guration of device and direction of for-
ward bias. (c) Current-voltage characteristic under different strains when illumination power is 0.24 W/cm 2 . (d) Calculated relative responsivity 
under various applied strain when illumination power is 6.4  × 10  − 6  W/cm 2 . R 0  is set as responsivity under zero strain for this illumination power.  
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     Figure  6 .     Experimental results for a CdS nanowire MSM photodetector with double Schottky contacts. Light illumination with monochromic blue light 
centered at 486 nm. (a) Current-voltage characteristic under different illumination power. (b) Current-voltage characteristic under different strain when 
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of forward bias. (c) Current-voltage characteristic under different strains when illumination power is 6.4  ×  10  − 6  W/cm 2 . (d) Calculated relative responsivity 
under various applied strain when illumination power is 2.0  ×  10  − 7  W/cm 2 . R 0  is set as responsivity under zero strain for this illumination power.  
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 charges can effectively tune the current transport properties 

of the photodetector.   
 ii)     Photoexcitation infl uences the current–voltage characteristic 

through generating excess free charges. Provided that the en-
tire device is under uniform illumination, photon generation 
of electrons and holes effectively tunes a quasi-Fermi level, 
and this change is applied along the entire wire, resulting in 
a decrease of the barrier height.   

 iii)     Piezoelectric effect infl uences photodetection by strain in-
duced polar charges at the ends of the nanowires. The effect 
of piezo-charges in a double Schottky contact photodetector 
shall result in asymmetric change in barrier heights at the 
two sides. Other factors induced by external strain such as 
piezoresistance or contact area change will induce symmetric 
change in both ends of the nanowire. In this way, we can 
easily tell whether the change is caused by a genuine piezo-
phototronics effect.    

 These three criteria give a better understanding of our piezo-
phototronics experiments, and work as guidance for our future 
work in related areas. It is also possible to extrapolate our 
assumption onto other piezo-phototronics phenomena such 
as piezo-phototronic LED or photocell, and similar conclusion 
should be retrieved. 

 Summarizing, we have constructed a theoretical model 
for piezo-phototronic photodetectors based on metal-piezo-
electric semiconductor-metal structures. The model works 
well with the experiments results on piezopotential enhanced 
photodetector based on ZnO nanowires in ultraviolet wave-
length range and CdS nanowires in visible wavelength range. 
We have then discussed other factors in the experiments and 
concluded three criteria based on the physics of piezo-pho-
totronic photodetectors, to differentiate the piezo-phototronic 
effect from other effects. These criteria support our pre-
vious experimental results, and can give guidance to future 
experiments.  

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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