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Piezotronic Activity Study by AFM Tip (Al) Top Electrode
of Single ZnO Nanofiber Deposited on TilN, /c-Si Substrate

F. BECHIRI*®, Y. BAKHA®* AND M. ZERDALI’

@ Université Abd el Hamid Ibn Badis de Mostaganem, Département de Génie Electrique, Faculté
des Sciences et de la Technologie, Route de Belhacel, BP 27000, Mostaganem, Algeria
bUniversité des Sciences et de la Technologie d’Oran Mohamed Boudiaf, Departement
Technologie des Matériaux, Laboratoire de Microscopie Electronique & Sciences des Matériauz,
Faculté de Physique, BP 1505 El Mnaouer, USTO MB, BP 31123, Oran, Algeria

¢Plateforme Technologique en Microsystémes FElectromecaniques (P-MEMS), Centre de
Développement des Technologies Avancées (CDTA), Cité du 20 aodt 1956 Baba Hassen, BP
16081, Alger, Algeria

Received: 25.03.2024 & Accepted: 24.06.2024

Doi: 10.12693/APhysPolA.146.174 *e-mail: ybakha@cdta.dz

ZnO nanofibers were synthesized via a hydrothermal method. A single nanofiber was delicately trans-
ferred and deposited onto a TiN, thin film on a silicon substrate to facilitate the investigation of its
piezotronic properties. An aluminum-coated atomic force microscope tip was employed in contact mode
as a top nanoscale electrode to locally induce bending deformation in the individual ZnO nanofiber. The
current—voltage (I-V') characteristics recorded between the top atomic force microscope tip electrode
and the bottom TiN, surface exhibited rectifying behavior, indicative of the formation of a Schottky
junction upon the application of a minimum bending force of 25 nN by the atomic force microscope
tip. This force threshold was necessary to ensure adequate contact between the atomic force micro-
scope probe and the ZnO nanofiber. However, upon exceeding the 25 nN bending force perpendicular
to the c-axis, the forward current underwent a substantial reduction, eventually leading to complete
suppression of the Schottky junction under further increments in the bending force. Finite element
method simulations elucidated the presence of piezoelectric activity within the ZnO nanofiber, which
was responsible for the observed attenuation in the forward current. The Cheung—Cheung method was
employed to quantify the increase in barrier height at the Schottky junction as a function of the applied
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bending force.
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1. Introduction

Zinc oxide (ZnO) has emerged as a ubiquitous
material in numerous research endeavors involv-
ing ZnO nanostructures (ZnO-NSs). Convention-
ally, ZnO-NSs can be synthesized via various tech-
niques, including catalyst-assisted methods and the
vapor-liquid-solid (VLS) process [1].

However, the hydrothermal approach has gained
significant traction due to its inherent advan-
tages, such as low-temperature growth conditions,
simplicity, and cost-effectiveness [2]. Furthermore,
this method offers a facile route to fabricate
7Zn0O nanostructures with diverse morphologies at
low temperatures [3], enabling the exploitation
of their unique properties for various applica-
tions, including optoelectronic [4] and piezoelec-
tric devices [5]. Consequently, a facile hydrothermal
synthesis protocol is proposed for the fabrication of
ZnO nanofibers (ZnO-NFs), which are subsequently
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integrated into a Schottky diode structure compris-
ing an aluminum-coated atomic force microscope
(AFM) tip as the top electrode, the ZnO-NF as the
active channel, and a TiN, thin film as the bottom
electrode, which is compatible with Si integrated
circuit. Schottky diode based on such configuration
(AFM tip (Al)/ZnO-NF/TiN,) has garnered signif-
icant research interest due to its potential for inves-
tigating the electron transport properties along the
c-axis [6].

The theoretical study conducted on the c-plane
surface of ZnO nanostructure elucidates that the
Schottky barrier heights (SBHs) at the metal/ZnO
interface exhibit a pronounced sensitivity to the
specific chemical bonding configurations present at
the interface [7]. Such surface is chemically reac-
tive, and the formation of interfacial metal-zinc
bonds (+c¢, ZnT-terminated top surface) tends to
facilitate Ohmic contact behavior, while the contri-
bution of metal-oxygen bonds (—¢, O~ -terminated
top surface) is contingent upon the nature of the
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specific metal. Many reports have affirmed that
the c-plane ZnO nanostructure surface engaging in
metal-oxygen or metal-zinc bonds tends to promote
Ohmic contact characteristics with Al or titanium
(Ti) metals [8]. Whereas noble or inert metals such
as Ag, Pt, Au, and Pd exhibit Schottky-like recti-
fying behavior [9], ZnO-NF on the contrary offers
lateral surface, i.e., m-plane and a-plane, which are
non-polar surfaces and exhibit less chemical reac-
tivity than c-plane, as reported by Jae Wook Lee et
al. [10].

Additionally, non-polar ZnO surfaces are known
to have a high density of structural defects [11].
The current—voltage (I-V) analysis of surface states
of ZnO nanowires (ZnO-NWs) confirmed that the
Fermi level is pinned, which is primarily caused
by surface states, leading to an SBH of 0.34—
0.37 eV [12].

This research aims to explore and realize
piezosensor based on AFM tip (Al) and lateral
surface of ZnO-NF initially constructed to estab-
lish a Schottky contact at one end and an Ohmic
contact at the other end by selecting metals such
as TiN, with appropriate work functions. As de-
picted above, the laterals surface of ZnO-NF is fea-
tured by inert planes and defect states. The pres-
ence of ZnO-NF makes the interface less reactive
toward the Al electrode, and the situation corre-
sponds closely to the Schottky-like rectifying be-
havior interface [13].

The Schottky contact between the metal con-
tact and ZnO-NF is a crucial component of current
modulation [14]. Therefore, the modulation of SBH
through Schottky contacts is one of the key factors
in the context of piezoelectric sensors. We expect
that such a configuration is more favorable to ob-
tain Schottky-like rectifying behavior, accompanied
by more significant SBH and comparable to noble
metal [15].

As a result, ZnO-NF's are seen as promising com-
ponents for energy harvesting applications, show-
ing potential for use in piezoelectric sensor devices
and the development of highly sensitive cutting-
edge sensors.

2. Experimental setup

ZnO nanostructures were synthesized via a hy-
drothermal process, employing a Zn?t/OH~ ra-
tio of 1/20. The proposed protocol offers a sim-
plified approach compared to alternative methods
that often involve the use of complex and poten-
tially hazardous chemical precursors [16]. The syn-
thesis procedure involved the preparation of two
distinct solutions, denoted as A and B. Solution A
was obtained by weighing out zinc chloride (ZnCly)
and subsequently dissolving it in 10 mL of deion-
ized (DI) water. This solution was subjected to
continuous stirring at 40°C for 15 min to ensure
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the formation of a clear and homogeneous mixture.
Concurrently, a sodium hydroxide (NaOH) solution
was prepared and maintained under stirring condi-
tions to facilitate complete dissolution in a polyte-
trafluoroethylene (PTFE) beaker at a temperature
of 40°C. Solution B was formulated by dissolving
polyethylene glycol (PEG) in 105 mL of DI water.
Additionally, solution A was subjected to continu-
ous stirring at 40°C for 15 min to ensure the for-
mation of a clear and homogeneous mixture. Subse-
quently, solution A was carefully introduced drop-
wise into solution B under constant stirring. The
resulting mixture yielded a clear and transparent
solution, potentially attributable to the formation
of Zn(OH);? precursor complexes, which serve as
the building blocks for the growth of ZnO-NFs. The
final solution was transferred into a sealed tubu-
lar container and placed in an oven maintained
at 90°C for a duration of 3 h to facilitate the
growth of ZnO nanofibers (ZnO-NFs). The temper-
ature regulation during the hydrothermal synthesis
was precisely controlled within +1°C. Subsequent to
the growth process, the resulting white precipitate
was separated from the solution by centrifugation
at 7000-9000 rpm and then rinsed with deionized
(DI) water to remove residual salt byproducts. This
washing cycle was repeated multiple times until a
solution with a neutral pH was obtained. The col-
lected white precipitate was then air-dried at 45°C
for 1 h. The resulting white powder was carefully
harvested for further characterization analyses.

The morphological features of the as-synthesized
material were investigated using scanning elec-
tron microscopy (SEM, JEOL — JSM-6610LA).
Furthermore, the crystallographic structure of
the powder was analyzed by X-ray diffraction
(XRD) employing a 6-26 configuration on an
Empyrean PANalytical diffractometer equipped
with a Cu K, 1 radiation source (A = 0.154058 nm).

For the characterization processes, the as-
synthesized ZnO nanostructured powder was dis-
persed in ethanol, and a droplet of the suspension
was extracted and deposited onto a silicon surface.
Upon complete evaporation of the ethanol solvent,
the nanostructures were uniformly distributed on
the surface, facilitating subsequent analyses. Specif-
ically, for scanning electron microscopy (SEM) char-
acterization, the ZnO-NFs were gently transferred
onto an n-type silicon substrate. However, for X-ray
diffraction (XRD) pattern acquisition, the ZnO-
NWs were deposited on glass substrates. To record
the current—voltage (I-V') characteristics, the ZnO-
NWs were delicately deposited onto a conductive
TiN, thin film.

The atomic force microscopy (AFM, JEOL)
equipment was employed in contact mode to facil-
itate the observation and recording of I-V char-
acteristics of the ZnO-NFs. The device structure
comprised an aluminum-coated AFM tip as the top
electrode, the ZnO-NF as the active channel, a TiN,,
thin film as the bottom electrode, and a crystalline
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SEM images of ZnO-NFs grown at 90°C (a) at a magnification of 2500; (b) enlarged observation

of ZnO-NF at a magnification of 10000. (¢) XRD patterns of ZnO-NFs prepared by hydrothermal method
with an atomic concentration ratio of 1/20. (d) AFM tapping mode of 5 x 5 ym? scan area. Single ZnO-NF
deposited on c-Si substrate. (e) High-resolution imaging carried out in AFM contact mode of the lateral surface
plane (1—100) of ZnO-NF, indicating two stacked blocks tilted by 45°. The lattice parameter c indicates along

crystallographic direction (0001).

silicon (c-Si) substrate. The TiN, thin films were
deposited onto (100)-oriented silicon substrates via
DC sputtering using an MRC 643 system. Measure-
ments of -V were performed at room temperature
in the dark to neglect the effect of the photocon-
ductivity.

3. Result and discussion

3.1. Structural characterization

Figure 1a and b shows SEM images of ZnO-NFs
prepared with 1/20 molar ratio at two different
magnifications. The structure is formed by sep-
arated and elongated ZnO-NFs. The growth of
ZnO-NFs is straight up, and the aspect ratio (length
to width) of ZnO-NFs is extended to the value
of 50. The proposed molar ratio of 1/20 enables
the growth of ZnO-NFs units and makes it easy to
drive elongated ZnO-NFs parallel to [002] direction.
Figure 1c shows XRD patterns of ZnO-NSs synthe-
sized at an atomic ratio of 1/20. Diffraction peaks
are identified thanks to the JCPDS card number no.
89-0510 [17], highlighting the ZnO wurtzite phase.
We observe a strong enhancement of (100) peak
intensity and narrow full-width at half-maximum
(FWHM).

Moreover, the presence of (100) peak implies elon-
gated ZnO-NFs. This result is correlated with AFM
images (Fig. 1d), where a single ZnO-NF is observed
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in a downward position through a scan area of
5 x 5 pum?. High-resolution imaging of the lateral
surface plane (1-100) of the lateral surface of ZnO
nanofiber (ZnO-NF) is presented in Fig. le, encom-
passing a scanned area of 10 x 10 nm2. The sur-
face exhibits a remarkably flat morphology, charac-
terized by an average roughness of 0.31 nm. The
in-plane is characterized by a translational period
of ZnO along the two blocks. The stacking se-
quence planes are parallel to crystallographic di-
rection (0001) with an average spacing of 0.520 nm
(marked by white arrows), which is very close to the
c-ZnO lattice parameter. Furthermore, the growth
of the ZnO-NF proceeds along the c-axis ((0001) di-
rection), manifesting as a structure composed of two
stacked blocks oriented at a 45° tilt with respect to
each other. Notably, each block is aligned parallel to
the crystallographic (0001) direction. This distinc-
tive geometric configuration gives rise to the pres-
ence of structural defect states within the nanofiber
known as stacking faults (SFs), which are common
in non-polar ZnO-plane grown along (0001) direc-
tion.

3.2. Electrical characterization

Figure 2a shows the experimental setup used to
record the -V characteristics of a single ZnO-NF.
In order to ensure a closed loop of the circuit, TiN,
film is connected to the ground. The stiffness of the
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Fig. 2. (a) Schematic diagram of experimental

setup. (b) I-V characteristics and contact adjust-
ment of the device, including AFM tip (Al) /ZnO-
NW/TiN, thin film up on Si substrate.

cantilever is 5 N/m in order to firmly hold the AFM
tip on top of ZnO-NF (contact mode). Afterward,
the AFM tip is approached gently upon the ZnO-NF
surface.

Figure 2b shows I-V characteristics of the struc-
ture, including AFM tip (Al)/ZnO-NF/TiN,/ Si
substrate. The rectification behavior of a typical
Schottky at forward voltages is clearly distinguish-
able. The junction exhibits a threshold voltage
at 8 V, which seems to be mainly due to the surface
defect states wrapping the ZnO-NF surface. Indeed,
the side junction formed by TiN,/ZnO exhibits
Ohmic contact, with the electron affinity of ZnO
(4.35 €V) [18] being much closer to the work func-
tion of TiN, (4.40 V) [19]. Otherwise, the Schottky
contact is formed at the edge of the AFM tip (Al)
and ZnO-NF due to the pinning contact caused by
surface states [20] and the non-polar nature of the
lateral surface of ZnO-NF [21]. The depletion area
is obviously extended on the ZnO-NF side. In sum-
mary, a minimum transverse force of 10 nN is re-
quired to guarantee a hard contact.

Figure 3a shows isolated ZnO-NW observed by
AFM with a scan area of 10x 10 um?2. Such ZnO-NF
will be used to record I-V characteristics under dif-
ferent forces.
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Fig. 3. AFM topography and [-V characteristics

under AFM configuration: (a) AFM scan of ZnO-
NW in contact mode, (b) effect of different trans-
verse forces applied by the AFM tip upon ZnO-NW
on I-V characteristics.

Figure 3b shows experimental I-V characteris-
tics, where rectifying contact behavior is observed
in the forward direction. The bottom contact of
the ZnO-NF remains fixed, while the top surface
is left unconstrained. The [-V characteristics are
measured under both strained and unstrained con-
ditions. We have observed that excessive bending
results in a significant reduction in current intensity,
eventually leading to the complete blocking of for-
ward current. Such junction is well described in the
reverse and forward regions by the following equa-

tion [22]
e

where I, = AA*T?exp(qop/(ksT)), and n, kg,
q, V, A*, T, and ¢p are ideality factor, Boltz-
mann’s constant, elementary charge, applied volt-
age, Richardson’s constant, temperature, and bar-
rier height, respectively. The term R4 in (1) is the
voltage drop across series resistance R of the struc-
ture, and A is the surface area of the junction.

As shown in Fig. 3b, the forward current de-
creases when further compressive strain is applied.
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Fig. 5. Schematic model of a section of ZnO-NW
carried out by FEM method, 3D side view of the
excited top part of ZnO NW.

Our research on this behavior is directed towards
the coupling of piezoelectric and semiconducting
properties. The decrease in the forward current in-
tensity occurs due to the increase in the barrier
height ¢p [eV] when a different transversal force
is applied by the AFM tip.

While force is absent, the junction is featured by
the presence of only an electrical barrier ¢, due to
the Schottky contact. The force induces compressive
strain that probably generates a supplement barrier
height A¢.

Figure 4 shows the Schottky barrier diagram
where piezoelectric properties are able to increase
the barrier height (Fig. 4b) through the piezoelec-
tric field Fpie, (drawn as a colored bar) at the
side of AFM tip (Al)/ZnO-NF. Obviously, compres-
sion strain conditions (empty red arrow in Fig. 4b)
should be present to fullfill such behavior. The de-
pletion field, depicted in Fig. 4a, induces an in-
crease in the effective barrier height, repelling elec-
trons from the metal/ZnO-NF interface. This effect
is amplified under forward bias, further diminish-
ing the current flow. The combined influence of
the enhanced depletion field and heightened barrier
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obstructs charge carrier transport across the junc-
tion, substantially reducing the forward current
density.

In order to emphasize the presence of such a
“piezo” field, we used the finite element method
(FEM) carried out by COMSOL Multiphysics soft-
ware (ver. 5.5). For this purpose, the piezoelectric
and elastic properties of ZnO-NW are considered in
the model. The calculations solve the constitutive
equations that relate the stresses T;; to the strains
Sk in anisotropic media through the following equa-
tions

T = CijriSk — €ijuSjk,
Di = EijEj + eiijjk,

(2)
3)
where D; is the electric displacement, and Ej is the
electric field. The coefficients Cjj;; are the compo-
nents of the stiffness tensor, and the coefficients e;
are the electromechanical coupling tensor. The stiff-
ness and piezoelectric tensor elements are reduced
to a few elements due to hexagonal symmetry [23].
The constants ¢;; are the effective permittivity ten-
sor.

However, there is an important detail that should
be considered to carry out the FEM-COMSOL sim-
ulation. Obviously, the contact area between the
AFM tip and ZnO-NF is more realistic when the
touching area is limited to the size of the AFM tip.
If the AFM tip touches the nanowire, the contact
area is very small, so the force is applied to the shell
element of the small cylinder.

ZnO-NFs shown in SEM (Fig. 1a) are featured by
smooth facets. Therefore, considering ZnO-NW as
a cylinder seems a good approximation. The same
assumption was made in the previous work, where
the ZnO-NF was considered in terms of cylinder ge-
ometry [24].

Figure 5 shows the schematic configuration where
a cylinder of 50 nm radius is considered to simulate
the bending and piezo characteristics in the local-
ized area just below an AFM tip. The force is ap-
plied at the center of ZnO-NF, and the stressed size
is equivalent to the curvature radius of the AFM
tip (8 nm). The top part of ZnO-NF is considered
free, and the bottom part is fixed to TiN, film.
The magnitudes of the applied forces are 25, 50,
75, and 100 nN. Finally, we assume the surface ele-
ment at the bottom (TiN, film) with no free electri-
cal charges as an electrical boundary condition. The
electrical connection between the bottom electrode
(TiN,) and the ground potential is established, fa-
cilitating the flow of charges and ensuring a stable
reference point.

Figure 6 shows the simulation results, taking into
account the boundary conditions. It is clearly seen
that the range of the applied force is able to gen-
erate displacements and piezopotential along the
ZnO-NF diameter. Consequently, further force in-
creases the magnitude of the displacement; a max-
imum value reaches 0.86 nm, recorded at the sur-
face for 100 nN force. The displacement magnitude
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Fig. 6. FEM-COMSOL simulation applied to
ZnO-NF bent by different forces along the radius.
(a, c, e, g) Total displacement profile along the sec-
tion of ZnO-NW. (b, d, f, h) Electrical potential
distribution along the section of ZnO-NW.

is related to the induction of an electrical potential
due to the piezoelectric effect. The maximum value
of piezopotential is —2500 mV near the edge of an
AFM tip when the applied force is 100 nN.

According to the results of our simulation (see
Fig. 6¢), the surface of ZnO-NF is strained by a suf-
ficient external force, and piezoelectric property is
activated (force > 25 nN). Therefore, negative and
positive piezopotentials are immediately created on
the top AFM tip electrode and the bottom TiN,
electrode, respectively. Hence, it is possible to in-
duce the Epic, field between the top of ZnO-NW
(negative piezocharges) and the bottom (positive
piezocharges), and such a situation is well described
in Fig. 4b. Consequently, a compressive transverse
strain exerted by a sharp tip on a nanowire (NW)
introduces local modifications (elongation) of inter-
atomic distances along the polar c-axis, perpendic-
ular to the direction of stress.
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Fig. 7. FEM simulation of piezopotential output

and displacement as a function of the total applied
force exerted by the AFM tip (Al) upon ZnO-NF.

Figure 7 illustrates the summary of our FEM sim-
ulation plotting piezopotential as a function of the
displacement magnitude of the ZnO-NF under dif-
ferent applied forces. The displacements are out-
lined in Fig. 6a, c, e, g. As expected, both the dis-
placement and the output potential increase linearly
with the applied force. By analyzing Fig. 7, we can
observe that a maximum force of 100 nN is equiva-
lent to a maximum piezopotential of —2500 mV.

Such a result is consistent with a previous work
reported by Tao et al. [25], where they found
from simulation results that the piezopotential
of ZnO-NW linearly increases as the force in-
creases. Additionally, R. Hinchet et al. [26] simu-
lated ZnO-NW with a radius of 34 nm, and they
found a piezopotential close to 2000 mV under an
applied force of 80 nN, which is somewhat close to
our result. According to Fig. 7, the sensitivity could
be calculated as well using S = %. In our work,
the estimated value of S is 26.7 mV/nN, which
is twice as large as that calculated by R. Hinchet
et al. [26] (11 mV/nN). Such difference might be
probably due to the high aspect ratio difference.
Our geometry assumed ZnO-NFs with a length of
about 5 ym and a radius of 50 nm. Whereas in the
simulations in [26], a length of 600 nm and a radius
of 24 nm were proposed.

Additionally, Lin Zhu et al. [27] observed the as-
pect ratio impact on such piezopotential param-
eter simulated on nanorod. For the geometry of
a nanorod they adopted, where the side length
is less than 200 nm, the piezopotential increases
rapidly with the decrease in side length under a con-
stant force of 200 nN. The calculated piezopotential
was about 2500 mV for nanorods of 60-70 nm side
length. The simulation results they obtained also in-
dicated that nanorods with a large aspect ratio have
stronger radial stress, leading to a larger piezopo-
tential. Consequently, a high aspect ratio offers a
larger piezopotential response, such as reported by
previous work [28, 29].
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cross-section of ZnO-NW for the set of applied
forces. The diameter of ZnO-NW is 100 nm.

Although the barrier height ¢p is well described
by the equation relating ¢p at the Schottky con-
tact and tensile or compressive straining [30], one
can qualitatively emphasize ¢p [eV] expressed as

follows
eis€ 1 W, iez
¢ = ¢po— l]m%. (4)

The term ¢po expresses the barrier height depen-
dent on the depletion layer when the strain is ab-
sent. However, the second term expresses the piezo-
electric contribution of the piezocharges distributed
of width Whie,. The strain ¢ originates from com-
pressive force transverse to the c-axis and is induced
by the AFM tip. The constant e;5 is the piezoelec-
tric coefficient from the tensor element [31], and
€s and ¢ are the permittivity and the elementary
charge, respectively.

Thus, the barrier height difference is expressed as
follows

quiez

A¢p = ¢p — dpo = —m (5)

It is easy to see that the negative sign of strain
€1 (compression) increases the value of ¢p, while
the positive strain (tensile) decreases the magnitude
of ¢p. Such electrical characteristics were observed
by Qiuhong Yu et al. [32]. In Ag/ZnO nanowire
and Ag/HfO5/ZnO junctions, they observed that
the current increased instead of decreasing when
the tensile strain conditions were present. Such a
case is possible due to barrier height reduction un-
der the tensile strain conditions, as noted by (5).
Consequently, compressive strain exerted by the
AFM tip rises A¢p as demonstrated by the FEM
simulation. Subsequently, barrier height makes the
space charge (SC) widen and is extended deeper in
ZnO-NW when compressive strain is present (see
Figs. 4 and 6).

As is clear from the study carried out by the FEM
simulation, the field Fpic, can be identified by the
following expression [33]

&L (%).
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characteristic as a function of bias voltage at room
temperature for different applied forces.

€15€ 1
Epiez = .
Es

(6)

The sign of strain € tunes the magnitude and
changes the direction of Ei;e,, respectively.

However, a compressive transverse strain exerted
by a sharp tip on an NW introduces local modifi-
cations (elongation) of interatomic distances along
the polar c-axis, perpendicular to the direction of
stress, and this is the source of the generation of
piezoelectric field.

Figure 8 shows clearly the magnitude of such
Eie, along the section of ZnO-NW. Based on the
FEM simulation, we have calculated the distribu-
tion of Ey;e, along the section of ZnO-NF for differ-
ent applied forces. The set of Epc, is constant along
ZnO-NF and vanishes near the grounded electrode
(TiN, electrode).

The piezoelectric study of ZnO-NF by FEM high-
lights the presence of Epic, along the cross-section
of the ZnO-NF, which increases when the AFM
tip force increase. As showcased from FEM results
(see Fig. 6d), the direction of Epe, is favorable to
enhance the reverse direction, therefore, it is ex-
pected that the current decreases along the section
of ZnO-NF. Thus, Epic, is superimposed to the elec-
tric field of the junction AFM tip/ZnO-NW and in-
creases barrier height ¢p (see Fig. 4b).

A force below 25 nN at the junction is slightly
considered an unloaded interface. As reported by
Liu et al. [34], as compressive force is incrementally
augmented, this intrinsic potential barrier ¢p be-
comes progressively elevated. The presence of such
a piezo field raises the barrier height ¢p between
the AFM tip and ZnO-NF, thereby attenuating the
magnitude of the net external electric field respon-
sible for driving the current from the AFM tip (Al)
toward the TiN, electrode.

Moreover, to estimate experimentally the value
of barrier height, we have used for the first time
the Cheung—Cheung method [35] to extract the
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junction parameters of the AFM tip (Al)/ZnO-
NW/TiN, structure. Such a method is powerful and
very popular in investigating the electrical prop-
erties of different junctions and hetero-structures
featured by series resistance R, [36]. The method
is based on the determination of the following pa-
rameters: the ideality factor n, series resistance R,
and threshold voltage ¢p in the forward region
(V>8V).

Figure 9 shows plots of the set of I-V curves. The
presence of two distinct regions is clearly visible. In
the reverse region, an interval voltage from V =
—10 V to V = 0 V is a straight line, covering a
wider range of the curve from which the ideality
factor n can be determined.

The value of n in the reverse region is determined
from the dependence In(I/[1 — exp(—qV/(ksT))])
versus V' and takes the slope of the linear region.
The ideality factor n is expressed as follows

_9 4V
" ksT dn(D)" ™

The value of n is equal to 1.02 and is independent
of the applied transverse force. The magnitude of
n confirms thermionic diffusion mechanisms in the
reverse region.

However, in the forward region, the junction
exhibits a rectification behavior for bias voltage
V > 0 V. The curves deviate considerably from lin-
earity due to different phenomena, such as Rj.

The ideality factor n and R, contribute to the
following expression

dVv kgT

dIn(7) =n . + Rs1. (8)
Equation (8) allows for linear extrapolation when
compared to the experimental I-V measurements
obtained through I-V testing (see Fig. 10(a)). By
plotting (8) as a function of I [nA], R is obtained
as the slope of (8), and the value of the ideality fac-
tor n is extracted from the quantity nk]fZT, which
represents the intercept of the linear extrapolation
with the y-axis at I = 0 [nA]. However, in order to
estimate ¢p, the function H(I) is defined as follows

H(I)Vnk]len< ! ) 9)

AA*T?

The function H (I) is plotted versus I and gives also
a straight line, while the intercept of the y-axis is
equal to n¢p. For a given parameter n, ¢p is totally
determined by

H(I)=n¢p + R,I. (10)

We assume A* as the effective Richardson’s con-
stant of 32 A/(cm? K?) [37] (A is the contact area)
and T = 273 K.

Figure 10a shows the plots of Tin(D)
tion of the current I for a set of applied forces: 25,
50, 75, and 100 nN. Hence, the ideality factor for
the Schottky junction in the forward direction at
25, 50, 75, and 100 nN are 9.7, 12.4, 15.1, and 17.5,
respectively. The high value of n is due to the high

dV__ as a func-
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Fig. 10. (a) Experimental and simulated ﬁ‘&)

versus I of AFM tip/ZnO-NW/TiN, junction un-
der different forces in order to evaluate n. (b)
Experimental and simulated H(I)-I plot of AFM
tip/ZnO-NW /TiN, junction under different forces
in order to evaluate the barrier height.

series resistances Ry x 107) [Q] that block the junc-
tion when excess compressive strain is applied.
Figure 10b shows the plot of H(I) versus I in
order to evaluate the value of the y-axis intercept
equal to n¢p.
According to the slope #‘gl) determination,

H(I) function, the Schottky barrier height (SBH) of
AFM tip/ZnO-NF junction is of about 0.726, 0.753,
0.762, and 0.776 €V corresponding to 25, 50, 75, and
100 nN, respectively.

Our barrier height values are in complete accor-
dance with data found by Peter Keil et al. [38] for
low compression strain while studying ZnO single
crystal. -V characteristics measurements were car-
ried out on Metal/ZnO crystal using both O- and
Zn-terminated top surfaces.

In [38], the Ag silver top electrode is deposited
by sputter deposition on both surfaces of the crys-
tal. Following the thermionic analysis, the bar-
rier height of the metal-semiconductor contact was
found to be 0.720 €V on the O-terminated top sur-
face. Also, Keil et al. [38] observed a small de-
crease in the conductivity under 5 MPa compres-
sive strain. They concluded that such barrier height
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Fig. 11. Plot of the Schottky barrier height as a

function of the compression strain determined by
the FEM-COMSOL simulation. The varied com-
pression strain corresponds to the injected forces
of 25, 50, 75, and 100 nN.

was related to oxygen vacancies, which were possi-
ble as defect states responsible for the pinning of
the Fermi level [39]. Furthermore, the negative po-
lar surface exhibits lower chemical activity than the
Zn-terminated top surface, and the silver electrode
acts as inert contact, leading to high barrier height.
The interface contact is similar to the one in our
study, where the lateral surface of ZnO-NF offers
less chemical activity than the c-plane.

In summary, the phenomenon of decreasing for-
ward current magnitudes under the application of
excessive compressive forces is well elucidated by
the Cheung—Cheung model. Consequently, the im-
position of further compressive strain by the AFM
tip, composed of aluminum (Al), results in an in-
cremental rise in the Schottky barrier height mag-
nitude, as delineated by (1) and (5). This augmenta-
tion of the barrier height results in a widening of the
space charge (SC) region, which propagates deeper
into the zinc oxide nanowire (ZnO-NF) structure.
The expansion of the depleted SC region serves as
the underlying mechanism responsible for the ob-
served diminution in current intensity.

A comparable piezoelectric modulation phe-
nomenon accompanied by barrier height increase
was observed for the Ag/ZnO and Au/ZnO
nanowire junctions [40], where, the application of
substantial compressive forces ranging from 100
to 500 nN induced compression strain diminishing
the current intensity.

Additionally, an analogous phenomenon of cur-
rent attenuation under compressive strain was also
observed in the FTO/ZnO-NW junction [41].

In order to correlate the simulation and experi-
mental results data, we illustrate in Fig. 11 the vari-
ation of barrier height, determined by the Cheung—
Cheung model, under different applied compressive
strains. The compressive strain was quantified as
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the relative change in fiber diameter (Ad/dy), where
d and dy represent the diameters of strained and
unstrained ZnO-NF, respectively. The FEM simu-
lation distinctly visualizes the strained ZnO-NF, as
depicted by the vertical colored bar (see Fig. 6).

As evident in Fig. 11, a linear increase in barrier
height is observed upon the application of compres-
sive strain. The data exhibits an excellent linear fit,
with an R-squared value of 0.994, indicating a ro-
bust correlation. Significantly, the slope of this lin-
ear plot enables the deduction of the piezoelectric
coefficient dy5 [pm/V] based on the following equa-
tion

Dop/a Wieso

—Ae) 22%
5

) (11)

where e.¢y and e;5 are the effective dielectric con-
stant and the piezoelectric constant of ZnQ, respec-
tively. In the case of compression strain, the sign
of ) is negative, consequently yielding a positive
value.

Utilizing this relationship, the effective piezoelec-
tric constant di5 = % can be estimated by the
relation
Wpiezo

slope ’

where Wpicso is the piezo width in the depth of the
ZnO-NF determined from the FEM simulation, and
the slope of Fig. 11 is expressed in volts. The nu-
merical value of slope was found to be 764.87 mV,
and Whiezo ranged from 0.1-0.8 nm. Consequently,
the estimated average value of di5 was —8.82 +
1.50 pm/V, which is in satisfactory agreement with
previous reports (dis = —10.05 pm/V) [42, 43].

Notably, Fig. 11 establishes a compelling cor-
relation between two distinct results, namely the
experimental -V measurements and the simu-
lated piezotronic behavior of the ZnO-NFs via fi-
nite element modeling. Overall, the model demon-
strates exceptional performance in characterizing
the piezotronic properties of ZnO-NFs.

Building upon the demonstrated coupling be-
tween electrical and piezoelectric properties, we pro-
pose a piezosensor device based on the junction be-
tween AFM tip (Al) and ZnO-NF. This architecture
uses the synergistic interplay of these phenomena to
enable the high sensitivity of the piezoelectric sen-
sor.

dis = (12)

Figure 12 elucidates a linear correlation between
the applied mechanical force and the corresponding
forward current output response from the piezosen-
sor device. Such a relationship exhibits an inversely
proportional nature, wherein the magnitude of the
output current undergoes a monotonic reduction as
the applied force is incrementally augmented. No-
tably, upon subjecting the device to a substantial
compressive force of 100 nN, the Schottky barrier
is effectively modulated to a state that precludes
any appreciable current flow, effectively switching
off the conductive characteristics of the device.
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The results unambiguously demonstrate a di-
rect proportionality between the applied transverse
forces and the corresponding output current re-
sponse from the device. Moreover, this observed
behavior is consistent with the findings reported
by Xingin Liao et al. [41] for junction based on
FTO/ZnO-NW as depicted above, wherein a sim-
ilar correlation was established between the current
and varying load conditions in in our ZnO-NFs.

In accordance with the formulation proposed by
Xingin Liao et al. [41], the sensitivity S of the
piezosensor can be quantitatively defined as

_ (Al/Iy)
- AF
where [y represents the current density under un-
loading conditions, and F' is the applied external
force applied by the AFM tip (Al) on the top of
the ZnO-NF. In the present study, the differential
current density (AI) was calculated as the differ-
ence between the current responses under loaded
and unloaded conditions, evaluated at an applied
bias voltage of 10 V.

Referring to Fig. 12, the sensitivity S of
the piezotronic device can be quantified as
—1.2x 1072 N~! or —1.22 x 10~* gf~!, where 1 gf
was equal to 0.0098 N as defined by Xingin Liao et
al. [41].

Alternatively, the sensitivity is defined as the
slope of Fig. 12 and can be expressed in terms of
the following formula S = AI/AF. Employing the
aforementioned formulation, the evaluated sensitiv-
ity of the piezosensor device in the present study
was found to be 147 mA/N. This result demon-
strates improved consistency compared to previous
reports for the FTO/ZnO-NR junction found by
Xingin Liao et al. [41] (55 mA /N). Furthermore, our
obtained value significantly exceeds the sensitivity
reported for GaN-NW devices (2.35 mV /nN) [44].

The proposed device architecture, incorporat-
ing an aluminum-coated atomic force microscope
(AFM) tip as the top electrode, exhibits supe-
rior performance characteristics relative to the con-
ventional FTO electrode/ZnO-NR configuration.
Moreover, as evidenced in Fig. 12, the fabricated
sensors exhibit an excellent linear response to the
applied external force over the investigated range
and exhibit application prospects in the detection
of weak dynamic force.

It is crucial to note that the reported sensitiv-
ity value is limited to the response of an individual
ZnO-NF, considered a single current source. In con-
trast, for a matrix or collective assembly of ZnO-NF,
multiple current sources would be solicited, poten-
tially leading to a significantly enhanced sensitiv-
ity. As a prospective direction for future work, a
multi-scale analysis spanning from single nanofiber
properties to macroscopic device fabrication and
characterization would be highly beneficial. Such an
approach would enable the establishment of a quan-
titative relationship between the intrinsic material

S (13)
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Fig. 12. Linear relationship between applied force
and output forward current recorded when ZnO-
NW is under mechanical bending at 10 V.

properties of ZnO nanowires and their piezogenera-
tion capabilities, ultimately guiding the design and
optimization of efficient piezogenerator devices.

4. Conclusions

In conclusion, we have successfully demonstrated
the viability of employing a low-cost aluminum-
coated atomic force microscope (AFM) tip as an
electrode to obtain rectifying contact, circumvent-
ing the need for conventional noble metal coatings.
It was observed that this electrode configuration
achieved a substantial Schottky barrier height mod-
ulation ranging from 250 to 750 meV, which is com-
parable to noble metal counterparts.

The FEM simulations elucidate that barrier
height modulation arises from the coupled piezo-
electric and semiconducting properties of ZnO-NFs.
In the software, external forces are designated as in-
put parameters, while piezopotential and displace-
ment are the output parameters. Notably, our anal-
ysis of the simulation results revealed a maximum
piezopotential of —2500 mV under an applied force
of 100 nN, in good agreement with the reported
works. Furthermore, the simulation study conclu-
sively demonstrated that the modulation of the bar-
rier height was facilitated by piezotronic properties.
The application of excessive strain impedes the flow
of forward current, with piezoelectricity identified
as the primary mechanism responsible for this de-
crease in forward current. We have observed that
excessive bending results in a significant reduction
in current intensity, eventually leading to the com-
plete blocking of forward current.

By synergistically combining the simulation out-
put parameters with the experimental -V char-
acteristics, we derived an average value of the
piezoelectric coefficient dy5 as 8.82 pm/V, which is
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in excellent agreement with literature reports. We
also conclude that such a method as the one de-
veloped in this work gives an effective way to char-
acterize some intrinsic properties of ZnO-NFs. This
agreement between theoretical calculations and em-
pirical data solidifies confidence in the robustness
and accuracy of our simulation approach, which can
serve as a reliable platform for further investigations
and design optimizations pertaining to ZnO-NF sys-
tems and their device applications.

Based on a single ZnO-NF, we realized a
piezo-nano-sensor exhibiting a sensitivity value
of 147 mA/N at a bias voltage of 10 V. This per-
formance demonstrates improved consistency com-
pared to previously reported piezosensors, such as
the FTO/ZnO-NR junction configuration, under-
scoring the potential of our proposed device archi-
tecture.
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