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inc oxide nanomaterials have at-
Ztracted a lot of interest as building
blocks for future nanosystems. Be-
cause of its wurtzite structure, a piezoelec-
tric potential (piezopotential) is created in
the crystal when stress is applied, due to the
polarization of ions along its noncentral
symmetric axis. If the piezopotential is used
to drive the electron flow through an ex-
ternal circuit, various designs of nanogen-
erators for self-powered systems can be
fabricated.' > Because of its piezoelectric
and semiconductor properties, the piezo-
potential created in the crystal has a strong
effect on the carrier transport at the metal—
semiconductor interface. Piezotronic de-
vices use the piezopotential as a “gate”
voltage to tune/control the charge carrier
transport at a contact or junction.*”® Further-
more, by combining the semiconductor
photonic excitation and transition properties,
it has been proven that the piezopotential can
be used to control the carrier generation,
transport, separation, and/or recombination
in what is called the piezo-phototronic effect.
This has been used to improve the perfor-
mance of optoelectronic devices,”'® such as
photon detectors,"" solar cells,'? and LEDs."®
As one of the most important II—VI group
semiconductor materials with wurtzite struc-
ture, CdSe has been studied extensively in
the optoelectronic field. Recently, one-
dimensional CdSe nanostructured materials
have been reported for potential applica-
tions in light-emitting devices,'* solar cells,'®
photodetectors,'® and lasers."”” Combined
with its unique optical properties, the CdSe
NW is an attractive potential candidate to
replace ZnO NWs in hybrid energy harvest-
ing and piezo-phototronic devices. How-
ever, little research has been reported on
the field on CdSe NWs.
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We demonstrated the energy harvesting potential and piezotronic effect in vertically aligned

(dSe nanowire (NW) arrays for the first time. The CdSe NW arrays were grown on a mica

substrate by the vapor— liquid—solid process using a CdSe thin film as seed layer and platinum

as catalyst. High-resolution transmission electron microscopy image and selected area electron

diffraction pattern indicate that the CdSe NWs have a wurtzite structure and growth direction

along (0001). Using conductive atomic force microscopy (AFM), an average output voltage of

30.7 mV and maximum of 137 mV were obtained. To investigate the effect of strain on electron

transport, the current—voltage characteristics of the NWs were studied by positioning an AFM

tip on top of an individual NW. By applying normal force/stress on the NW, the Schottky barrier

between the Pt and (dSe was found to be elevated due to the piezotronic effect. With the

change of strain of 0.12%, a current decreased from 84 to 17 pA at 2 V bias. This paper shows

that the vertical CdSe NW array is a potential candidate for future piezo-phototronic devices.

KEYWORDS: CdSe nanowire - piezotronic effect - energy harvesting -

piezotronic transistor

In this paper, we demonstrated the en-
ergy harvesting potential and piezotronic
effect in CdSe NW arrays for the first time.
Vertically aligned CdSe NW arrays with a
wurtzite structure were synthesized using
the vapor—Iliquid—solid (VLS) process. By
using the conductive AFM in contact mode,
we obtained an average output voltage of
30.7 mV for the CdSe NW arrays. Then by
measuring the /—V characteristics of a single
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Figure 1. Vertically aligned CdSe NW array grown on the
mica substrate. (a) Side-view SEM images of the short
(~200—500 nm) NWs and (b) long (~2—4 um) NWs; (c)
TEM image of a NW with low magnification; (d) high-
resolution TEM (HRTEM) image of CdSe NW; (e) correspond-
ing selected area electron diffraction (SAED) pattern from
the region indicated by the dashed circle in the image.

CdSe NW using a Pt-coated AFM tip, we found that an
externally applied force can significantly tune the
current through the piezotronic effect. CdSe NW arrays
have promising application potentials in the fields of
hybrid energy harvesting with solar cells, strain sen-
sors, and piezo-phototronic sensors.

RESULTS AND DISCUSSION

CdSe NWs were grown on mica substrates with CdSe
thin film as the seed layer and platinum as the catalyst
using VLS. The density and length of the CdSe NWs can
be well controlled during the synthesis process. Tilted-
view scanning electron microscopy (SEM) images of
the as-grown CdSe NWs with different lengths are
presented in Figure 1a,b, showing that the length of
the NWs varies from 200 nm to 4 um, but the diameter
remains constant. A low-magnification transmission elec-
tron microscopy (TEM) image is shown in Figure 1c, and
the diameter of the NWs is a uniform 60 nm along the
length. The corresponding high-resolution TEM (HRTEM)
image and the selected area electron diffraction (SAED)
pattern indicate that the CdSe NW has a single crystal
wurtzite structure and grows along the (0001) direction,
as shown in Figure 1d,e, respectively.

The wurtzite crystal structure of CdSe and simulated
piezopotential distribution when the CdSe NW is
stressed are shown in Figure 2. The red balls represent
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Figure 2. (a) Schematic crystal structure of CdSe NW along
(0001) direction; (b) strain and corresponding piezopotential
distribution on the surface of NW under a bending force 80 nNin
Comsol simulation; (c) piezopotential distribution under normal
force ranging from 100 to 400 nN. Geometry of the NW used in
the simulation is diameter D = 60 nm and length L = 250 nm.

-3.14V

the Cd*" cations, and the gray balls represent the Se*~
anions (Figure 2a). This structure is composed of repeat-
ing tetrahedral units, where the Se?~ anions are located
on the corners while the Cd*" cations are in the center.
The positive and negative charge centers overlap under
strain-free conditions. Once a stress is applied along the ¢
axis, the charge centers are relatively displaced, resulting
in a dipole moment. A macroscopic piezopotential can be
created along the NW by adding up all of the dipole
moments of the unit cells (Figure 2b,c).

The magnitude of the piezopotential depends on the
deformation of the crystal, the doping concentration, and
the dielectric constant.'® Figure 2b,c shows the distribution
of the piezopotential along a NW under various forces
using the Lippman theory for doping free CdSe NWs. The
parameters used for the simulation are shown in Table 1.
Figure 2b shows the piezopotential distribution when a
lateral force of 80 nN is applied on the upper end of the
NW and the other end is fixed and electrically grounded.
When the lateral force is applied, the NW is bent and
experiences tension on one side and compression on the
other side. The tensile side exhibits a positive potential of
202 mV, whereas the compressive side shows a negative
potential with the same amplitude. The piezopotential
created in such a bent piezoelectric NW can be used to
drive the electron flow through an external circuit, making
CdSe NWs an electric generator which converts mechan-
ical energy into electrical energy. Under small bending
force, the length of the NW has little influence on the
piezopotential under a given lateral force. The potential
distribution is similar to bent ZnO NW from previous
reports,’ which could be explained by the fact that both
of them have the wurtzite structure and c axis along the
wire. Figure 2c shows the piezoelectric potential distribution
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TABLE 1. Parameters Used for the Simulation of CdSe NW

parameter value
length (nm) 250
diameter (nm) 60
piezoelectric coupling coefficients e = —0.16
matrix ((/m?) €33 = 0.347
eis = —0.138
elasticity matrix (GPa) (i, =461 (3 =749
G5 =393 (3 =817
(=13 (g6 =143

when the NW is compressed by external normal forces. The
top of the NW exhibits a negative potential compared to the
bottom. It can be shown that the amplitude of the negative
potential increases with increased strain due to further
separation of the charges in the crystal cells.

The NW bending mode can be used for energy harvest-
ing with vertically aligned NW arrays, and the vertical
compression mode was used to fabricate piezotronic tran-
sistors. We demonstrated the potential applications of both
modes in CdSe NWs using the following experiments.

Energy Harvesting. The piezoelectric energy harvest-
ing performance of bent CdSe NWs was investigated
using a conductive AFM probe. The applied normal
force was 140 nN with a scan speed of 40 um/s.
Figure 3a,b shows the topography image and corre-
sponding electric output. The output voltage peak corre-
sponds well to the NWs indicated in the AFM topography
image, and about 54% of the NWs had an output. The
maximum output voltage was about 137 mV. Figure 3d is
a comparison of the topographic profile (red curve) and
corresponding voltage output (blue curve) when the tip
was scanned from left to right. The negative output was
detected when the tip scanned over the NW, indicating
that the voltage was detected on the compressive side.
This is similar to the previously reported model for n-type
ZnO NW.!

As illustrated in the inset diagram in Figure 3a, a
Schottky contact forms when the Pt-coated AFM tip
scans over the NW. When the tip started to bend the
NW, the tensile side of the NW had a positive potential,
leading to a reversely biased Schottky junction. Thus
no current could be detected, and piezoelectric charges
accumulated at both sides. When the tip scanned over the
NW, the negative potential on the compressive side led the
Schottky contact forward biased, driving current flow from
the tip to the NW, where a negative signal was detected by
the system. This is consistent with previously reported
mechanisms.! Figure 3e shows the distribution of the
output voltage amplitude. Because the length and aspect
ratio differ for each NW, the bending force by the AFM tip
differs, resulting in a variation in the output voltage. About
40% of the output voltage was between 6 and 12 mV, and
another 40% lay in the range from 12 to 42 mV with an
average output voltage of 30.7 mV. The current detected
ranged from 1 to ~30 pA, which was above the noise level
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Figure 3. (a) AFM topography of the CdSe NW; the range in z
direction is 200 nm. The inset is the schematic of the mecha-
nism for collecting the piezoelectric output by AFM tip. (b)
Corresponding piezoelectric output voltage shown in the 3D
graph. () Line profile of topography and piezoelectric output.
(d) Statistical distribution of the amplitude of output voltage.

of our system (0.5 pA). The maximum voltage was less than
the simulated result, which could be attributed to the fact
that the free carriers partially screen the piezopotential in
the NW, which was not considered in the simulation.'®

Piezotronic Effect. By applying a normal force to the
top of the CdSe NWs using an AFM tip, the piezotronic
effect was investigated. Figure 4a shows the schematic
of the experimental setup. Because of the difference
between the work function of Pt (6.1 eV)' and the electron
affinity of CdSe (495 eV),'” a Schottky junction forms
between the CdSe NW and Pt-coated tip. The bottom of
the NW was connected to a CdSe thin film, to which an
electrical contact was made using silver paste. Since the
piezoelectric polarization charges only existed at the top
surface of the NW and the bottom film surface and the
contact between Ag and CdSe film was rather large, the
influence of the piezopotential on the bottom Ag—CdSe
contact can be neglected. Furthermore, an Ohmic contact
was detected by measuring the /—V characteristics of a
Ag—CdSe—Ag structure, which is probably due to the work
function of Ag (4.26 eV)' being lower than the electron
affinity of CdSe. Therefore, it is reasonable to assume that
the Schottky barrier formed at the Pt—CdSe junction
dominates the /—V characteristics in both directions.

As shown in the aforementioned simulation (Figure 2¢),
a compressive force applied by the AFM tip would induce a
negative piezopotential in the CdSe. This piezopotential
would change the local Schottky barrier height (SBH)
through internal field, as illustrated by energy band diagram
in Figure 4b. The larger the force applied, the more the
barrier increases.

Figure 4c shows the experimental results of the |-V
measurement under increasing applied forces, starting
at 420 nN. In the beginning, the reverse current was
very small while the forward current started to increase
from bias of 0.5 V and reached 84 pA at a bias voltage of 2V,
indicating a current rectifying phenomenon. As the force
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Figure 4. (a) Experimental setup for measuring the piezotronic effect; (b) band diagram of the interface between Pt and CdSe and
the change of Schottky barrier by the piezopotential; (c) /—V characteristics of a single CdSe NW measured by C-AFM under different
applied forces; (d) plot of In / as a function of V; (e) calculated change in barrier height from the measured /—V characteristics.

increased to 700 nN in increments of 70 nN, the forward
bias decreased dramatically to 17 pA at a bias of 2 V.

To evaluate the influence of the applied axial strain on
the Schottky barrier of the CdSe NW, we calculated the SBH
change according to the /—V characteristics.** For the sake
of simplicity, we assume an ideal Schottky diode by neglect-
ing the shuntand series resistance and apply the thermionic
current—voltage relationship described by eq 12

V,
I = AA**Tzexp( _Ij:_[;')EXp(:k—BfT — 1) (1)

where A is the area of the Schottky barrier, A** is the effec-
tive Richardson constant, T is the temperature, ®g is the
SBH, kg is the Boltzmann constant, g is the electron charge,
Vis the voltage drop on the forward biased Schottky diode,
and n is the ideality factor.

To verify that eq 1 could precisely describe the
observed I—V characteristic, we plot In/as a function of
V, as given in Figure 4d. In this figure, the In -V curve
fairly linear, which indicates that the thermionic emission—
diffusion model is the dominant process in this experi-
ment and the model could be applied to derive the
SBH change from the |-V characteristics. Therefore,
assuming that the change of A** under strain is much
smaller than the strain-induced change in the SBH,> we
can calculate the change of the SBH by

|n(/f(€1)/lf(“32))’V - A¢S/kT @

As shown in Figure 4e, the SBH changes linearly with
increased axial strain of the CdSe NW. The barrier height

EXPERIMENTAL METHODS

Synthesis of Vertically Aligned CdSe NW Arrays. The vertically
aligned CdSe NW arrays were grown by thermal evaporation

ZHOU ET AL.

increased by 77.1 meV with strain change of 0.12%. The
variation of the SBH could be mainly attributed to a
combination of the piezoresistive and piezotronic effect.*
The piezoresistive effect is a change in resistance of a semi-
conductor due to a change in band gap and local carrier
density and is symmetrical. This effect will modulate the
current symmetrically at both the forward and reverse bias.
For the piezotronic effect, the change of SBH induced will
lead the current changing asymmetrically due to its polarity.
According to previous reported theoretical and experimen-
tal mechanisms,>'®?' this stress-induced asymmetric cur-
rent modulation is mainly attributed to the piezotronic
effect.

CONCLUSION

In summary, we reported the growth of vertically aligned
CdSe NW arrays and investigated their energy harvesting
and piezotronic effect by AFM for the first time. The energy
harvesting performance of CdSe NW arrays is comparable
with that of previously reported ZnO NW arrays. By applying
the normal force on the top of the CdSe NWs via the AFM
tip, the Schottky barrier height between Pt and CdSe NW
was modulated and resulted in a current decrease from 84
to 17 pA with a 0.12% difference in strain at 2 V bias. This
phenomenon was mainly attributed to the piezotronic
effect. On the basis of the piezoelectric and piezotronic
properties investigated in this paper, combined with the
reported optical properties, CdSe NW arrays have promising
application potentials in the hybrid energy harvesting with
solar cell, strain sensor, and piezo-phototronic sensor areas.

on muscovite mica substrates with CdSe thin films and platinum
particles as the barrier and catalysts, respectively. First, freshly
cleaved muscovite mica substrates (SPI, grade V-5 research quality)
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were loaded into an electron beam evaporation system (Kurt J.
Lesker, PVD75) for CdSe thin film deposition. After being coated
with 100 nm CdSe thin film, the mica substrates were trans-
ferred to sputtering system (Cressington coating system, 308R)
for platinum catalyst deposition. The nominal thickness of the
catalyst was 0.3 nm. CdSe powder (Alfa Aesar, 99.999% purity,
metal basis) loaded in the molybdenum crucible was used as
the evaporation material source. The growth was carried outin a
typical thermal evaporation horizontal tube furnace where the
mica substrate was placed downstream to collect the products.
The furnace was then heated to 750 °C with H,/Ar flow (30
sccm/120 sccm) to generate vapor for 20 min. The samples were
taken out for characterizations after the system was cooled to
room temperature.

Morphology and Structure Characterization. Morphological and
crystallographic characterization was performed by using a LEO
1530 field emission scanning electron microscope (FE-SEM) system
and a JEOL-4000 transmission electron microscope (TEM).

Electrical Measurements with Conductive Atomic Force Microscope
(CG-AFM). The characterization of the piezoelectric and piezo-
tronic effect was achieved by using a MFP-3D AFM system from
Asylum Research. The probes used in the scans were AC-240TM
from Olympus with a Ti(5 nm)/Pt(20 nm)-coated tip. The thermal
noise method was employed to determine the spring constant
of the cantilever probes. The applied force was estimated as the
product of probe spring constant, inverse optical lever sensitivity
(InvOLS), and cantilever deflection (represented by voltage).
During NG characterization, the deflection set point was kept at
840 mV. The output current was detected by the preamplifier in
the AFM system, and output voltage was calculated as the
product of measured output current and the resistance of the
substrate. In the piezotronic measurement, the AFM tip was
positioned on top of one CdSe NW and the electrical measure-
ments were carried out. The magnitude of the force was kept
constant by keeping the deflection set point during one
measurement.
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