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Summary:

Innovation on humamachine interfacing technologies is critical for the development

of smart, multifunctional and efficient electronic/optoelectronic systems. The effect of
piezotronics is a newly started field of study, which utilipeszoelectric polarization

that is mechanicallinduced inside a piezoelectric semiconductor to regulate electron
transport across electronic contact interfaces. With the concept coined in 2006, many
efforts have been contributed to studying the underlgimgsical mechanism of this
effect as well as demonstrating various applications based on single nanowire
piezotronic devices. This thesis selects ZnO as the material foundatioassicrtel

by firstly studying flexible, contrdlable and scalable syntbie methods for ZnO
nanowires array and thin filnBy replacingthe useof random, individual nanowires

with these materialsjovel pezotronic and piezophototronic devices were designed,
fabricated and tested to achieve the function of strain sensititg taraging, pieze
enhanced photodetection and solar energy harvesting. The adoption of nanowires array
and thin film materials over single nanowiteads tosignificant advantages in terms

of scalable fabrication, industrial compatibility and broadencfionality. By
consistently going down this route,ewbelievethat the field of piezotronis will
eventuallymake revolutionary impacbn MEMS, optoelectronics, multifunctional

sensor networks, humanachine interfaag and so on.
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1. Introduction
The advancement of electronic technolagypresented by the invention of computers,
hasdramatically changed many aspects of our society and daily life. Over the past
decades, theoadmapof development for scientists and engineers is to produce more

and more powerful electronic systelmg increasing the transistor integration density

at the speed of the Mooreds | aw. However

fundamental limitf lithography and etching technologiasdthusfacedifficulties of

making ever small er f eat uQnehe othteohandygh nt a i

alreadyabundant computing powén most cases, the bottle neck issuehdsv to
efficiently transformthe absolute computing power intemart and multifunctional
tasking capabilitiesTo achieve thisan electronic system neeth be more interactive
and integrated with the environment and humansdigctinginformation from the
exterior environment throughmultiple channelsand actively providing feedbadio
assistwith complex problem solvinfl-5]. To put it simplywe neednnovation on the
humanmachine interfacing technologies for further advancement of electronic

technologiedbeyond the roadmap tieMo or e 6s L aw

Mechanical stimulation is the most commionm of interaction that the environment
and a person can engage with an electronic sy3teenefore, innovating mechanisms
and developing devices that interface mechanical signals with electronics is of vital
importance. Three most widely studied and utilizgdssure sensinmethods are

respectively based on t h e ffecO [686and thea w,

n

t

t
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piezoelectric effect[9-11]. The first one is universal for all conducting and
semiconducting materials which says that the change of mabepgaimetric shape

leads to the change of resistance. The second one is manifest only for semiconductors
and its pressure sensing relies oa $itrainmodulated bandgap, which is reflected as
the change of resistance due to the change
strain sensing effect can also be considasatheneralized piezoresistive effgdoth
methods work in a passive modBy applying a bias voltage and constantly measuring

the current, the resistance can be directly correlated with the application of
pressure/strain, which is an advantage of these methods. However, the sensitivity is
usually low as limited by theature & the sensing mechanism$he third one only

exists for piezoelectric material¥hese materialshow electric polazation under
applied strainWhen subject to the change of pressure/strain, voltage signals can be
generatednd thus this method works &m active modeThere is no need to measure

the current and the sensitivity is usually very high. However, the output signal is the
derivative of the pressuretrain over and the reconstruction of the normal signal

requires integratin operation

As we ca see, the existing mainstream technologiesitioned aboveither have low
sensitivity or require signal integratiohlithough engineering solutions can be made to
improve these methods, orderto fundamentallysolve the problem, a new mechanism
that combines simple device structure, simple detection circuit and high sensing

performance isighly desiredDriven bythis motivation, the piezotronic effect, as an



innovative electromechanical interfacing mechanisrthe subject of study fomy

PhD thesis.

The piezotronic effect is a coupling effexftpiezoelectricity and electronid4.2-14].

The basic idea is to introduce piezoelectric polarization charges mtetalt
semiconductor ora semiconductesemiconductor interface so that the electron
transport across the interface can be moddlhtestrain. his working mechanism
raises two requirements for the functioning material: being piezoelectric and being
semionducting As such, insulating piezoelectric materigts PZT, PVDFandQuartz

are not suitable. Insteadh, -O and’n -n semiconductors such as ZnO, Gahd

CdsS, which usually have much smaller effective piezoelectric coefficients due to charge
screening, becomexcellentmaterials for this applicatiorDiscovered in 2006 and
originally studied for strain sensirfd5-17], significant progress hdseen made on
piezotronics, both for deepening the research on strain sensing as well as for extending
its applications to many relevant applicatiolmsmy PhD research, | mainly focused on
developing piezotronics based on ZiNWs and thin films for straisensing, tactile

imaging and also optoelectronic applications.

This thesis consists of six chapters. Following the introduction, the second chapter will
be dedicated texplaining the fundamental physics of the piezotronic effect on both the
metalsemicanductor contact interface and the semicondusséoniconductor contact

interface. The third chaptéalks abouthe synthesis of ZnO materials, which serve as



the building blocks for all piezotronic devices studied in this th&ased on the
knowledge andnethods of how to synthesis ZnO NWs array and thin films in-well
controlled manners, l@apter 4thenfocuses on the implementation of the piezotronic
effect based on these materials for force/pressure/strain sensing applications. The
following chapter 5 stdies how the piezotronic effect could be further applied for
performance optimization of optoelectronic devices based on ZnO materials. At last,

conclusions are drawn in chapter 6.



2. Fundamentals of Piezotronics
As stated in the introduction, the piezotronic effect is an electron transport regulation
effect achieved by the introduction of piezoelectric polarization charges at a metal
semiconductor or semiconducteemiconductor interface. By comparing to FETSs, the
piezopotenti al i nduced by mechanical t
piezotronic device can be considered as a sgaied transistor. In this chapter,
fundamentals of piezotronics will be reviewedd discussedo provide a better

understanithg of the mechanismidl.8-21].

2.1Piezotronic effect on MS contact interface

When a metal material and a semiconductor material come into contact, the Fermi level
of the semiconductor will be aligned with that of the metal material, leading to
redistribution of charges at the junction area. Depending on the types of materials, eith
Ohmic contact (nomectifying junction) or Schottky contact (rectifying junction) may

be formed. The piezotronic effect modulates the interfacial energy at the junction area.
The modulation can be directly reflected by the effective resistance ofrtboju
Accordingly, the strength of this effect is positively related to the ratio of the junction
resistance to the bulk resistance. In this regard, the existence of a Schottky barrier is the
prerequisite for the piezotronic effect to take place at a8 Mterface. By applying

strain to the piezoelectric semiconductor, either positive or negative polarization
charges are induced at the contact interface. Takihgpen semiconductor as an

example, positive polarization charges attract free electronseammdase the level of

r



depletion, leading to reduced Schottky barrier height as well as its effective resistance;
negative charges repel electrons and increase the level of depletion, leading to increased
Schottky barrier height as well as its effectives&sice. This process is schematically
explained in Figure 1, which serves as the qualitative explanation of how the

piezotronic effect modulates the electron transport across{8edhtact interface.

(a) Metal Compressive strain (b) Metal Tensile strain
[ ] [ J
@ [ ]
[ ] @
Piezoelectric / Piezoelectric
polarization polarization
charges charges

Figure 1: Schematic of the energy band diagramstifiiing the piezotronic effect on-Bl interface. (a)
Negative polarization charges are induced at the interface, increasing the barrier height. (b) Positive
polarization charges are induced at the interface, decreasing the barrier height. For thadielat; ged
represents positive potential and blue represents negative po{@3ial.

According to the diffusion theory, the current flowing throwg8chottky barrier can

be expressed §23]:

oo ()1

wherethe saturation current densily can be expressed:as

- —q®
o~ 4?Dalg - (KT) ™ - 2Ny (¥ — V) 2511 - exp |12

kT

In this equationDy is the electron diffusion coefficienc is the effective density of

states in the conduction baridh is the donor concentration in the semiconducr,
6



is the builtin potential, 3 is the permittivity of the semiconductor aiick, is the
Schottky barrier height. As explained earlier, the piezotronic effect is the tuning of the
Schottky barrier height via piezoelectric charges. Thus this factor is fdehged as:

Ppn = Ppno — G°PpiezoWpiezo(285) "
where} piezo iS the density of polarization charges aMdlezo represents the effective
width of the polarization charge distribution. The correlation between the applied strain
and the Schottky barrier height could then be established by

F, = e33533 = qppiezawpiezo ’
whereezz is the piezoelectric coefficient asghis the applied strain along the polar axis

of the piezoelectric material. Ultimately, the relation between current density across the

junction area and the applied strain is expressed as

Jn ~ Jpo - €xXp [qe3aS33Wyiezo * (2eskT) 1] - exp [qV - (kT) ™ — 1]

where Jpo is the saturation current density without introducing the piezoelectric

polarization.

The above equation is the quantitative explanatbmow the applied strain in a
piezoelectric semiconductor could modulate the Schottky barrier height at-he M

interface and thus regulate the electron transport.

2.2Piezotronic effect on SS contact interface
When two pieces of semiconductor materials are brought into contact, their difference

in Fermi levels will give rise to energy barriers at the contact interface. For the same



reason, if polarization charges are introduced, the energy barrier height will be
modulated accordingly. The piezotronic effect can take placenajunctions, pp
junctions as well as-p junctions. Here we use the model of a homogeneeaus p
junction as an example and only consider the piezoelectricity fromtymgermaterial

to expain the process.

The most important character of angunction is a wide depletion region due to
interdiffusion of holes and electrons. The strong huilfield not only enables
significant optoelectronic applications such &Dis and solar cells, budlso greatly
reduces the screening effect on the strength of the piezoelectric field due to the lack of
free charge carriers within the space charge reff#dn25]. If positive piezoelectric
polarization charges are induced at the interface by typensemiconductor, some
electrons transporting across the junction will be attracted, leadingdtawaward
bending of the band edge profiles at the junction area; if negative piezoelectric
polarization charges are induced at the interface by-tigpanrsemiconductor, electrons
transporting across the junction will be repelled, leading to an upwardhigesfcthe

band edge profiles at the junction area. This process is schematically explained in

Figure 2.



<« Depletion < Depletion =
(a) zone H (b) zone
p-type n-type (piezo) p-type n-type (piezo)

OO ooo _-_g++ .o.o OO Ooo_'_ ..0.08
- ° -
OOO O- -3¢ e o ooo O- - + e o O

\Piezoelectric / \ Piezoelectric /

polarization charges polarization charges

Figure 2 Schematic of the energy band diagram illustrating the piezotronic effectnojuntion
interface. (a) Positive polarization chargesiadeiced at the interface, creating a dip in the band diagram.

(b) Negative polarization charges are induced at the interface, creating a bump in the band diagram. For
the color gradient, red represents positive potential and blue represents negativa.p22ent

By using the abrupt junction model, the biltpotential could be expressed in a simple
form as below26]:

PYoi = g (2e5) 71 (Na(OW5y + PpiezoWiezo + No ()W) _

In this equationNa(x) is the acceptor concentratiddp(X) is the donor concerdtion,
} piezoiS the density of polarization chargé8p, and Wbn are the widths of depletion
layers for the gtype side and 4type side respectively andhiezo is the equivalent
distribution width of polarization charges. The birltpotential on one hand is directly
related to the piezopotential generated by the piezoelectric semiconductor and on the
other hand is the key parameter in optoelectronic applicatidhis clearly indicates

how the piezotronic effect exerts itdluenceon optoelectronic processes.

Since MS Schottky junction can be considered as a speaigjunction, we further



assumethat) | € , wherepnois the thermal equilibrium holeoncentration in the

n-type semiconductor angy is the thermal equilibrium electron concentration in the
p-type semiconductor. Consequently we could apply the same expression that is used
for the MS contact:

Jn % Jco - €Xp [qes3S33Whiezo - (2skT) 1] - exp [qV - (kT) ™t — 1]

whereJco represents the saturation current density without introducing the piezoelectric

polarization.

Taking LED as an examp|@7],

Poptic = B{co * exp [qe33S33Woiezo * (265kT) 1] - exp [qV - (kT) ™ — 1]}° ,
wherePqptiicis the optical power output of the LEDjs a constant decided by materials
and device structures arfd is the powetaw parameter. The external quantum

efficiency (EQE) iglex=  &odwheredexois the EQE without piezopotential. The term

Urepresents the piezo effect which can be expressed as

a = {exp [quptezowgiezo (ZfskT)_l]}b_l

which reflects the modulation from the piezopotential andarrier transport and the

photo emission process.

The above analysis of the piezotronic effect emjpnctions gives the qualitative and
guantitative explanation of the modulation process and the logic could be extended to
more complicated scenaritdsat involve heterogeneous junctionsype piezoelectric
semiconductors, intrinsic regions etc.

10



3. ZnO material systemfor piezotronics
The basic requiremerfor the channel materiabf piezotronic transistorss being
piezoelectric and semiconductingypical materials that meet this requirement are
usually binary semiconductors belonging to th&llland III-V group, such agZnO,
CdS, GaN, CdSetc. These materials each have their specific properties that suit the
needs of different applicationgp to now however,the majority of theefforts in the
field of piezotronics have been foaadson studying the ZnO material, mainly due to
thesimple and diverse synthesis approadhasis available to ZnMethodssuch as
chemical vapor depositiof28-30], metalorganic vapor phase epitak$l, 32],
electrophoretic depositidi33, 34], pulsed laser depositip85, 36|, sputterind 37, 39],
solgel synthesig39, 40] and hydrothermal synthesid1-44] have all been used to
synthesis various forms of ZnO materialsder bothlow and high synthesis
temperaturg producingboth polycrystalline and monarystalline materialsanging
from thin films to nanowiresandto nanoparticlesin this chapter, besides reviewing
mainstream approaches, my own work on ZnO mategathssis will also be

introduced and discussed.

3.1Zn0O NWs:. physical vapor phase deposition

This method is conducted at a temperature high enough to vaporize the source material,
in our case, the ZnO powdefien the vapor is transported eitherdoyvection or by

inert gasdao acoolerlocation. Ruled by the law of crystallography, thermodynamics
and kinetis, with suitable parameters témperature gradient and environmental

11



pressure, the material the vapor phase will crystallizento the form ofNWs. The
vaporliquid-solid growth process wazoposed45] to explain the one dimensional
growth According to the mechanismatalyst metal such as gold ieeqeposited onto
the substrate and the substrate is placed at a location with proper temp€naterthe
vapor sourcarrives at theelatively cold substratéiquid eutecticalloy will be formed

by mixingthe sourcewith the catalystWhenthe liquidalloy becomes supersaturated
with the source material, the source will nucleate at the-Bqlictl interface, resulting

in 1-D nanowire growth.This, however, does not explain all vapor phase growth.
Catalystfree growth $ also possiblender certain conditions which may be explained

by the vapoisolid process that skips the liquid ph§gle

Some early works reported successful growth of ZnO nanowires with physical vapor
deposition method but the nanowirésmd random orientatios) which greatly
constrained its applications beyond sinigM/ devices. Techniques for highly ordered
ZnO nanowire arrays have been developed and advancedZly\Wang, Dr.PD Yang

and other researchgi#6-48]. Substrates ofrsall lattice mismatch with the-glane of
Wurtzite ZnOwereused to ensure that all nanowires grow along the same direction.
Patterned gold catalystvere made on top of the substratiesdefine the nucleation
sites Experimental parametessich as oxygepartial pressure artdtal pressure inside

the synthesis chambkave also been investigated in detail to achieve the izatiion

of the growth proceds(Q].

12



ZnO NWs grown by physical vapor depositidrave high aspect ragpusuallywith
diametes less than 50 nm and lengtmore than tens drundreds of micrometers. A
clean and dry environment ensuitbsait the asgrown nanowireshave few crystal
defects,which grants thengood mechanical robustnessnd mub less screened
piezoelectric effectOn the other hand, however, the high temperature needed for the
growth, usually close to 100®@C, severelylimits the choice of substrateBirect
physical vapor growth on polymer substrates, known for their flexibility and

transparency, is impossible.

3.2Zn0O NWs: hydrothermal deposition

This method utilizes chemical reaction in an aqueous solution. Consequently, the
growth temperature is less than 1Win most casesPrecursorgypically involve a

type of zinc salts and a type wiild alkali that carconstantly release Okbvertime

[49]. Combinations of zinc nitrate hexahydraaad HMTA are prove to be very
reliable precursor® produce relatively uniform and well controllsdVs[44, 50]. One

of the greatest advantages of this method is that ZnO nanowires array could be obtained
on almost any substrate by gepositing a ZnO seed layer as long as the substrates
have modeate chemical resistande.addition,the synthesis cost is significantly lower
than that ofthe physical vapor deposition method and not constrained by the high
temperature anfixed chamber size. Thus ZnO nanowires could be produced at a very
large scale. These advantages greatly expandpdibential applications of ZnO
nanowires and meet the growing needs for flexible, transparent electronics, photonics,

13



piezoelectricity and their overlapping fields.

However, despitéhesebenefits, nanowires produced through wet chemical solution
method suallyhavelower aspect ratio and more crystal defeklisnce the quality of

the nanowires may be a bottle necktagh requirement applications.

3.2.1 Seedlesshydrothermal synthesis of patterned ZnONW arrays on metal

thin films [41]]
For most of the hydrothermal approaches reported, a seed layer, noamaigy
deposited ZnO thin film, is indispensable to facilitate theleaion and subsequent
growth[51]. However, under certain circumstances, a seed layer may not be desirable
due to the initial growth of a thin layer of ZnO film, in between thgrasvn NWs and
the substrate, which makes the roots of the NWe together and hence renders

indirect contact between the NWs and the substrate.

A novel hydrothermal approach for synthesizing aligned ZnO NW arrays preferentially
on patterned surfaces of various commonly used metals without using a ZnO seed layer
is developed here Effects of experimental parameters such as the precursor
concentration and the solution/container volume ratio in the chemical synthesis
container have been studied. Electrical characterization was subsequently performed to
reveal the charaetistics of the contacts formed betweba ZnO NWs and the metal
layers

14



In contrast to the commonly reported hydrothermal synthesis that utilizes a combination
of zinc nitrate hexahydrate and HMTA and makes use of the slow hydrolyzation of
HMTA to provide a weak base environméh-54], here we use ammonium hydroxide
instead, providing a relatively strong base environment. When ammonium hydroxide
was firstly introduced into the solution, Zn(GHediment was formed. By agitating

the solution for a few seconds, it became rcigmin, indicating that the Zhions had
combined with NH* ions to form stable zinc ammirjg5]. HMTA hence provides a
buffering mechanism for slowly releasing Qivhile ammonium hydroxide enables a
buffering mechanism of slowly releasingZnBoth methods can result in ZnO NW

growth, while the method we present here results in unique properties as discussed later.

Some typical chemical reactions involved are tisteelow to describe the growth

procesgs6]:
NH#H 0 Zz “N#OH 1)
NH# 0 Zz 3N H+ H0 (2)
Z*+20H z  Zn (:PH) 3)
Zn(OHRp + 4 NHH 20 72 Z g)#*M #0 +20H (4)
Zn(OHRZz Zn 00+ H (5)

All of these chemical reactions are in dynamic equilibrium and varying any one of them
would affect the synthesis outcome. Factors affecting the reaction equilibrium include
growth temperature, growth time, precursor concentration, the amount of amn®nia ga

15



dissolved in air in the container, ekterg the effects of manipulating reaction (4) and
reaction (2) by tuning the concentration of ammonium hydroxide and the

solution/container (s/c) volume ratio are investigated in detail.

A. Concentration of ammaum hydroxide

Ammonium hydroxide plays a twimld role in the growth process. First, it provides
OH', which is the source of O in ZnO; second, it provides'Ni¥hich can form a
complex with zinc ions as a buffering mechanism. In this section, the volume of the
solution with 20 mM Zn(N@®6H -0 was fixed at 350 ml, contained in a 500 ml
reaction container while different amounts of ammonium hydroxide (28 wt%) wa
added into the solution, ranging from 2 ml to 20 ml, with the ammonium hydréxide
Zn(NOs)£H 20 nutrient solution volume ratio (named as the a/n volume fatio
conveniencgrangingfrom 0.57% to 5.71%. In general, the length of thgrmsvn NWs

is deermined by the total amount of source material available (naméhadd OH),

the growth time and the release rate of*Zfihe diameter of the NWs is determined by
the total amount of source material and the release rate ?6f Bnparticular, the
equiibrium status of reaction (4) has a significant effect in shaping the NW tips. The
density of the agrown NWs is determined by various factors, such as the number of
nucleation sites generated on the substrate during the initial stage of growth, he exte
of NW fusing and the diameter of the base of NWs, and is thus related to the amount of
OH' available, ZA* released initially, the total amount of source material available, and
the growth time.

16



Figure 3(a) shows SEM images of NWs grown at a 0.57%valame ratio. NM* and

OH' were both insufficient in this case, especially since there was not enoutghaNH
consume all of the Zn(OHl)leaving the solution in a turbid condition. Thus there was
no buffering at the initial stage of growth and the emgstzn(OH) would rapidly
decompose into ZnO once heated, resulting in alfke structure deposited on the
substrate, with some of the nanorods fused together, while the rest were still separated,
as can be seen from ki@ 3(a). The diameters and lehgtof the agrown nanorods

were small in this case due to an insufficient supply of source materials. When the a/n
volume ratio was increased, the?Zmas more and more slowly released while the
concentration of OHwas increased in the solution. Sina&#Zand OH are both the
source materials for synthesizing ZnO NWs and the increase ‘irc@tdentration is
accompanied by the decrease of freé*Zoncentration, we thus expect that with the
increase of a/n ratio, the tip diameter, length and densttyedllWs will increase to a
maximum vale first and decrease later. Figuré3 and (c) show the results for NWs
grown at 2.86% and 3.43% a/n volume ratios, respectively, which exhibit a good
alignment and increase in tip diameter, length and density of.NBy further
increasing the a/n ratio, more source material would be available in the solution.
However, not all of the three morphological parameters of the NW array increase. The
length of the agirown NWs increased due to faster vertical growth. Tmsitkeof the

NW array, however, decreased since small nuclei were likely to fuse with each other
due to the faster deposition of ZnO occurring in the initial nucleation stage. As for the

17



tip diameters of the NWs, the equilibrium of reaction (4) will stafthe righthand

side and the equilibrium of reaction (5) will shift to the ledind side at a high a/n
volume ratio. This means that there will be a higher etching rate of the formed ZnO
crystal by ammonia. However, the etching is anisotropic becaasdsorption of Nk
molecules is curvature dependgsif]. Regionof high curvature, such as the NW tips,
attract more Neimolecules than the NW side walls and consequently such regions will
be etched faster, resulting in neetlke NWs, as shown in Fige 3 (d). This
phenomenon is named as the shaping effect irsthtgon for convenience. Once the
ammonium hydroxide concentration was increased to 5.71%, there was enotigh NH
in the solution that formed a complex with almost all of th& #ms and significantly
depressed the growth process. As a result, no obviousglgof NWs can be observed,

as shown in Figre 3(e). Finally, a control experiment was performed for comparison,
by using 350 ml solution of 20 mM Zn(N%6H >0 and 20 mM HMTA mixture, with

the results shown in Fige 3(f). A significant difference cabe observed in that the
NWs grown with the control recipe have larger dimensions, while the alignment among
the NWs is poor. This could be explained by the difference in solution environment. In
the control recipe, Zi is in abundant existence while inettZzn(NQ)#H 0 +

NH3H 20 recipe, there is only a limited amount of freéZwhich greatly suppresses
homogeneous nucleation and facilitates heterogeneous nucleation, leading to more

nucleation sites on seedless substrigigls
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Figure 3 Effects of ammonium hydroxide conceation (a/n volume ratio) on the morphology of ZnO

NWs grown on seedless gold layer-(@) SEM images of NWs grown under a/n volume ratios of 0.57%,

2. 86 %, 3. 43 %, 4. 57 %, and 5. 71%, respectively. The
with the ontrol recipe of Zn(N@)6H 0 + HMTA. (g)}-(i) Dependence relationship of NW tip diameters,

length and density on the a/n volume ratio.

‘N

Lastly, a group of experiments were carried out with different a/n volume ratios of
0.57%, 1.71%, 2.29%, 2.86%, 3.4384)0%, 4.57%, 5.14%, and 5.71%. By examining
three areas~(L 6 2pamound the center of a substrate with thgrasvn NWs, the
average diameter, length and density were obtained and plottedire B{g), (h) and

() to show the dependence relationship these parameters on the ammonium
hydroxide concentration. The NW array density reaches its maximuf48% and

the NW length reaches its maximum~&t14%. The diameters of the NW tips reach a
maximum of~147 nm at~2.86% and can be decreased~8) nmat ~5.14%. Our
results provide a helpful guide of how to use the parameters of the a/n volume ratio or
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the ammonium hydroxide concentration, to engineer the synthesis process for the

desired or optimized morphology of the grown ZnO NW arrays.

B. Solutioricontainer volume ratio

Ammonia hydroxide (28 wt%) is an extremely volatile chemical especially under high
temperature. There are three states of ammonia in our reaction system: ammonia ions,
ammonia dissolved in the solution and ammonia vapor in th& airmber of factors

can affect the equilibrium among these three states. In this section, the concentration of
Zn(NOs)6H 20 was kept at 20 mM and the concentration of ammonia hydroxide was
kept at 2.5% of the a/n volume ratio. The factor that changdwisdlume of the
solution, which tunes the equilibrium status of ammonia among the three states. Fig

4 (a) shows the result when the solution volume was kept at a low level of 25 ml in a
500 ml container. A relatively large amount of ammonia wohkdefore exist as vapor

in the free space of the container before an equilibrium partial pressure can be reached,
which might lead to a lower level of ammonia concentration (a/n volume ratio) in the
solution. However, this does not result in a fasterasseof ZA*, since ammonia
dissolved in the air will dissolve back into the solution through dynamic equilibrium.
This is another buffering mechanism different from the one discussed in section A. Here,
the new buffering mechanism helps keep the conceniraf both Z&* and OH at a
relatively low level, further slowing down the reaction rate, resulting in short but-better
aligned NWs, as observed. The diameters of the NW tips were large and the shaping
effect can be considered negligible, with the abseat a high level of NA
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concentration. Figre 4(b) shows the result when the solution volume was increased to

100 ml. The growth of NWs was faster and good alignment was maintained under this

condition. The density of NWs decreased, however, due toréesmucleation stage

and the average length of the NWs was dramatically increased~zome /9 t eom

due to faster growth, while the diameters of the NW tips were slightly decreased due to

a weak shaping effect. Rige 4(c) shows the result when the sbn volume was

further increased to 300 ml. Following the same trend as discussed above, the density

of NWs further decreased while the length of the NWs slightly increased. Nikedle
tips occurred for the agrown NWs due to the significant shapindeef caused by

abundant NH' in the solution.

[0110)

2110

Figure 4 Effects of solution/container volume ratio on the morphology of ZnO NWs grown on a seedless

gold layer. (ai)(c) SEM images of NWs grown under different solution/container volume ratios 5%, 20%
and ® %.
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crystallinity. The arrow shows its [0001] crystal orientatione Ecale bar is 8 nm. (f) Diffraction pattern
of a single ZnO NW. The crystal orientation is shown in the image. The scale bar is 8 . (g)
Dependence relationship of NW tip diameters, lengths and density on solution/container volume ratio.

Then theasgrown ZnO NWSs under several different synthesis conditions were
characterized using TEM. The HRTEM images and diffraction pattern obtained show
that the ZnO NWs are single crystalline and possess the [0001] orientation along their
growth directions regdless of the different synthesis conditions. One set of these

images is given in Fige 4(d), (e) and (f).

Lastly, a group of experiments were carried out with different s/c volume ratios of 0.05,
0.1,0.2,0.3,0.4, 0.5, 0.6 and 0.7. By examining tareas{1 6 2Zgarmund the center

of a substrate with the @gown NWs, the average diameter, length and density of the
asgrown NWs are obtained and plotted in g 4 (g), (h) and (i) to show the
dependence relationship of these parameters on thelsfoerratio. The tip diameters
and density of NWs increase monotonically with the decrease of the s/c valtime r
The NW length, although decreasimgth the decrease of s/c volume ratio, stays

generally stable within the range of 0026 s/c volume radi.

In the above discussion, in addition to the conventionally investigated parameters like
temperature, precursor concentration, growth time etc., a new parameter, the partial
pressure of ammonia in air has been investigated in detail. The results qutdsenet

suggest that by simply manipulating the partial pressure of ammonia gas together with

others, the synthesis of ZnO NW arrays of desired morphology can be engineered and
22



optimized in a controlled manner.

C. Patterned growth of ZnO NW arrays on eliéint metal surfaces

Stronger nucleation is one of the advantages of the seedless hydrothermal synthesis
method reported here as compared to the control recipe in section A, which was
reported previously in other wofld4]. To demonstrate the capability of this seedless
selective NW growth, ZnO NW arrays were synthesized seedlessly on substrates with
pre-patterned metal electrodes. It was found that ZnO would not nucleate on silicon
dioxide while significant growth of NWs careas deposited with suitable metals was
observed. Figure @), (b), (c) and (d) show the SEM images of thgrasvn NWs on
patterned electrodes of gold, copper, silver and tin, respectively. The insets are the
magnified images of the NW array for eachse. No posannealing process was
performed for the copper, silver and tin electrodes. The results show that the aligned
ZnO NW array can grow selectively and preferentially on these metals, which enables
the potential application of this synthesis metfardfabricating ZnO NW arrays sie
selectively on integrated circuits, which possess a vast amount of, for instance, copper
electrodes and interconnects, in a voelhtrolled manner. This may pave the way for
realizing the novel integration of semiconducNW based piezotronics with stadé

the-art microelectronic technology and strategically coupling the optical, electrical and
piezoelectric properties of semiconductor nanomaterials with the high speed

computing/processing capability of integrated dicu
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Patterned Copper

Patterned Gold

Patterned Silver Patterned Tin

Figure 5 SEM images of the agrown NWs on patterned metal electrodes. The scale bars for the four
figures are 30 em. The scale bars for the four
NWs grown on copper electrodes. (c) NWs graarsilver electrodes. (d) NWs grown on tin electrodes.
Insets are the magnified images of the NWs for each case.

In summary, a method to grow dense and aligned ZnO NW arrays on various patterned
metal layers without prdepositing a seed layes demonstited The effects of
ammonia concentration (a/n volume ratio) and solution/container volume ratio (s/c
volume ratio) on the NW growth have been investigated in detail and the proposed
growth mechanism has been discussed. The strong nucleation for prafdy&kit
growth has been demonstrated by using substrates with patterned layers of various
metals. This novel hydrothermal synthesis appropobvides the capability to
seedledy growZnO NWs on various substrates, enabling the potential applications of

ZnO NW arrays for sensing, electromechanical actuation and energy harvesting, etc.

24

i ns



3.3 Synthesisof ZnO thin films

Technologies of thin film synthesigre much more maturéhan those for NWs.
Common methods include physical vapor deposifie®], hydrothermaldeposition
[60], radio frequency (RF) sputterinfol], molecular beam epitaxy62] and
metalorganic chemicalapordeposition63]. As we carseg some of the methods can
also be used foNW synthesis. The differencés that NW synthesis requires special
substrates and strict parameter contFallure to comply with the requirements will
just lead to thdormationof thin films. MBE and MOCVD deliververy high quality
monocrysalline thin films, which differs them from the resf the thin film growth
techniquesBoth are used in the semiconductor industry for the fabrication of electronic
and optoelectronic componenthe downsides ahese technologiebowever, are the
high facility and maintenance cost and the health hazards they pose to the people who
operate them. The growth conditions are very hansio}ving high temperatui high
vacuum and corrosivehemicalslt is thus very challenging teee these two techniques
for certainnovel applications such as flexible electronitke regular physical vapor
deposition does not invohascomplex chemistry anadlsodoesnot involve hazardous
materials Its mechanism is simply vaporization, transpaord @eposition. Hencthe
equipments relatively simplestructurel. Commonly see®VD systemsare the tube
furnace, thermal evaporator arldaronbeam evaporatof.his method is much more
accessible thaMBE or MOCVD but it could only producepolycrystalline or
amorphoushin films since the depositiaf atomss random Hydrothermabeposition

of ZnO thin films[64] is almost identical to the hydrothermal growth of ZnO NWs with
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the onlyexception being théormer uses a much higheoncentration of precursors.
Therefore, the agrown thin films could be viewed as densely packed nanorod arrays.
Each rod isnonocrystalhe with its caxis parallel with its growth direction. However,
the rods have random lattice orientation within theiplane and thephysical
connectios amongthe rodsareweak, making the filnfragile to inplane strainingRF
sputtering is a deposition methtitht materialsare ejected from a source target due to
the physical bombardmehy energetic particles. There are several advantages of this
method. Firstly, this procese theorycan be used to deposit almost any male
Secondly, since no vaporization is invalyehe substrate temperatusemuch lower

than physical vapor depositiand thus polymer substratesuld be usedThirdly,
although the deposition seems random, the bombardment will introduce caadyes
for materials such as binampn-metals, the static charges veéffectively influence the
kinetics of he film formation and lead to the tendency of ordetadking of each layer

of atomsA representing example is the RF sputtering of Zni@ films wherec-axis
orientation can be observfgb, 66]. This character isimilarto the oriented growth of

hydrothermabpproach, but the agown filmis much more uniform and clean

From the above analysis, we can say that for traditional silicon bagdd\bbased
semiconductor technologies, MBE and MOCVD are lie¢ter options since they
deliver high quality monocrystalline thin films with precisely controlled doping
concentrationsFor novel applications such as piezotronics, RF sputtering is a good
option since the growthof ZnO thin film is oriented andis performed at low
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temperaturs.
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4. Piezotronicdevices
Since thanitialization of piezotronics studies 2006 a lot of progress has been made
to experimentally verify the physics model as well as demonstrating its potential
applications By the timel started working on piezotronieg around 2010~2011, one
noticeable character of previous workghe field waghatall the piezotronic devices
reported were based on individual N\M%, 67-71]. The fabricatiorof these devices
relied on the manual handling oéachsingle NW which wastime consuming, non
scalable and unsuitable fecalel manufacturingWith the concerrthat single NW
devicesmay severelylimit the application potential®f piezotronics,l carried out
research projects in two directionsorder toaddress the abov&sue The firstdirection
is to scale up the device fronnaanually fabricatedgingle NWdevice into aottom
up auteassembled\Ws array deviceDoing so not only leads to manufacturing
scalability, but also provides the ability to tdomensionally map the distribution of
strain or applied pressure by measuring localized fappéied ontselected NWs from
the arrayThe secondlirection is to replace the NW matesalith more conventional
thin film materials as the building blocks. With thiecondition that the thin film ZnO
doesexhibit adequate piezoelectricity, piezotronics couldeadized with mature and
scalable thin film technology. Under the context that NW technology is not yet ready
for the industry, this option offers a promising prospetta faster commercial

application of piezotronics the near future.

4.1 Taxel-addressable matrix of vertical -nanowire piezotronic transistors for
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active and adaptive tactile maging[72]
Progress in the field of tactile imiag technologies have been maderplementing
flexible pressure sensors based on arrays of tactile pixels (taxels) for mimicking the
tactile sensing capabilities of human skin. In these sensors, electronic components such
as traditional planar FETs acs aeadout elements for detecting pressundeced
property changes in the presssensitive medif73-77]. Their continued improvement
depends on minimizing the effect of substrate strain on the performance of the
electronic components while increasing the flexibility of the subsifz8k This
scheme of pressure sensing not only requires complicated system integration of
heterogeneous components but also lacks direct and dotedacing between
electronics and mechanical actuations. Moreover, the sizesfalbrasated taxels are
hundreds of micrometers to tens of millimeters, severely limiting device density and
spatial resolution. Although architectures such as 3D intefcateuits and wraygate
vertical transistors present attractive approaches to achievingléigity assembly of
functional nanodevicefr9-82], it is cumbersome to fabricate the gate electrode and
manage the interconnect layout so as to gffely control an individual device within
a highdensity matrix. A schematic of a representative wgaeNW FET is shown in

Figure 6(a).
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Figure 68 Schematic illustration, optical and electron microscopic images, and topological profile image
of 3D SGVPT array assemblfp) Comparison between thréerminal voltagegated NW FET (left) and
two-terminal strairgated vertical piezotronic transistor (right). (B) Schematic illustration of a 3D
SGVPT array with taxel density of 92 x92 and scheme for apptbfile imaging of local stssby the

array. (C) Equivalent circuit diagram of the 3D SGVPT array. (D) Scanning electron micrograph of
SGVPT array taken after ng back the SU 8
NWs. Inset shows 3&tilt view of the exposed ZnO NWs for a single taxel. (E) Topological profile image
of the SGVPT array (top view). At right, a 3D perspective view of the topological profile image reveals
the vertical hierarchy of the SGVPT assembly; the color gradipresents different heights. (F) Optical

et chi

image of the transparent 3D SGVPT array on a flexible substrate. The peripherals are the pads of the

device, and the central region highlighted by black dashed lines is the active array of 3D SGVPTs.

Thiswork aims at scaling from single NW piezotronic devices to NWs array piezotronic
devices in order to achieve tactile imaging that resolves the limitations in existing
technologies. As explained earlier, a piezotronic transistor is a two terminal transisto
gated by strain applied on the channel material. In addition to providing a high
force/pressure sensitivity, the eliminationvafap gats offers a new approach for 3D

structuring. The basic structure of a 3D stigated vertical piezotronic transistor
30
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(SGVPT) (Figire 6(a), right) consists of one or more vertically grown ZnO NWSs in
contact with bottom and top electrodes. Each ZnO NW experiences axial strain when
subjected to external mechanical deformatiBy combining the patterned -place
growth of vertically aligned ZnO NWs with statef-the-art microfabrication
techniques, largscale integration of a SGVPdrray can be obtained. Figure(it)
illustrates a kn? SGVPT array with a taxel density of 92 x92 (234 taxels per inch).
The equivalent ccuit diagram of the SGVPT (Figure(6)) shows the operation scheme

of the SGVPT device circuitry. The taxel area density of the SGVPT array is 8464 cm
2, which is higher than the number of tactile sensors in recent reports (~6 t6027 cm
and mechanorecep®embedded in human fingertip skin (~240 9rfB3]. A detailed

description of the device fabationprocess is shown in Figureand8.
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Figure 7 Schematic illustration of processingps for fabricating 3D verticadiezotronic transistors

array on a PET substrafehe steps are: Deposit a thin layer of SiO2 (30 nm) to tRET substrag via
electon-beam evaporation; 2. Use UV lithography, RF sputteringedoehm evaporation to fabricate
bottom ITO/Cr electrodes; 3. Use UV lithography and ebeam evaporation to fabricate Au/ZnO seed layer;
4. Hydrothermally synthesize ZnO NWs array; 5. Spin coatcanel SU8 to serve as an encapsulation
layer; 6. Use reactive ion etching to remove part of theB3d that tips of ZnO NWs are exposed; 7,

Use UV lithography and ebeam evaporation to fabricate top Au contact electrodes; 8, Use UV lithography
and RF spudring to fabricate top ITO electrodes; 9, Use thermal evaporation to deposit parylene as a
packaging layer.
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Figure 8 Left: Optical micrographs illustrating 3D vertical piezotronic transistors aoraya PET
substrate at each major step of fabricagioocess. Right: Magnified imageétop Schottky contacts and
single taxel after fabrication of 3rd layer electrode.

Briefly, the active array of SGVPTs is sandwiched between the top and bottom ITO
electrodes, which are aligned in orthogonal ctuemscafigurations. A thin layer of Au

is deposited between the top and bottom surfaces of ZnO NWs and the top and bottom
ITO electrodes, respectively, forming Schottky contacts with ZnO NWs. A thin layer of
Parylene C is conformably coated on the SGVPT dewdbexmoisture and corrosion
barrier. Wellaligned ZnO NWs, synthesized by a kemperature hydrothermal
method (22), function as the active channel material of the SGVPT and help reduce the
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stochastic taxefo-taxel variation to ensure unifordevice peormance. Figure §d)

and Figure $how theasgrownZnO NWsarray. The asynthesized ZnO NWs show

single crystallinity.

1
100 pm el

Figure 9 Left: 3C° tilted SEM image of 3D SGVPT array with top portions (~ 20 ghZnO NWs (total
length ~ 30 pm) exposedhowing the bunched growth of nanowirggght A TEM image and selective
area electron diffraction pattern from thanowire, confirming its singlerystalline nature of the as
synthesized ZnO NWs fro@GVPT array.

The 3D nature and vertical hierarchytloé SGVPT assembly is revealed by topological
profile imaging (Figire 6 (e)) using an optical noncontact profilometer (Wyko
Profilometer NT3300), which measures the phase change of light reflected from various
heights in the structure by interferometry. The high degree of alignment and uniformity
of the SGVPT array in three dimensions
size) is enabled by process control in both the boetipraynthesis of NWs and the top
down fabrication of circuitry. The use of a tterminal configuration based on the
piezotronic effect simplifies the layout design and circuitry fabrication while
maintining effective control over individual devices. The transparency and flexibility

of SGVPTarray devices are shown in FigurépandFigure 10
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Figure 10 Left: Image of 3D vertical piezotronic transistors arrays oniacd PET substraté=our
configurations of array with different taxel densities and spacing are fabrivatedising the pressing
steps described in Figure The region outlined by whitédashed lines represents the device with taxel
density of 92 x 92 in 1 cnRight: Measurechormal incidence transmission (T) spectra of 3D vertical
piezotronic transistors array (ITO/Cr/Au/ZnO NWs/Au/ITO: 150 nm/3 nm/20 npn'380 nm/150 nm)

on a PET substrate (~ 500 pm thick).

By selecting one top electrode, the 92 taxels between this topoele and the
corresponding bottom electrodes can be addressed and characterized individually.
Representative data from 23 taxels in a typical stogbnnel line scan (1 x 92)
measurement for a SGVPT array device are shown iaré&igl. The corresponding
topological profile images (top view) of the selected taxels are displayed at the top of
Figure 11(a). The current response from each taxel under 1 V bias, with and without
external pressure (20 kPa) applied to a localized region (around taxels 45)aisd 46
recorded and plotted, with colors representing the ratio of the respopttudenfor

each taxel in an 8window. It can be seen that for this siagt@nnel array of SGVPTs,
pressure variations can be distinguished with both high sensitivigpatidl resolution
(taxel periodicity, ~100 &em). The domi nant
SGVPT is the piezotronic effect rather than the piezoresistance effect, as experimentally

confirmed and elaboratedFigure 13. Data from singlehannel onductance
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measurements in the temporal domain are compiled and shownuire Higy(b) and

Figure 12to further illustrate the dynamic response of SGVPT devices. Distinctive
changes in conductance can be observed for taxels 45 and 46 before and aftey apply
the localized pressure. Although the measured response time (rise time) of ~0.15 s for
a SGVPT taxelKigure 13 is larger than that of human fingertips (~30 to 50 ms), it is
comparable to @viously reported values of 8.173]. These results indicate that a
SGVPT array can respond to static as well as dynamic stimuli. The response time can
be further improved in future designs byegrating local ofsite signal processing

circuits with a SGVPT arraj84].
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Figure 11 (A) Topological profile images (top view) of 23 selected taxels in a 1 x92 SGVPT array and
their corresponding current responses under 1 V bias without and with external stress (20 kPa) applied
to a localized region around taxels 45 and 46. (B) Siolgsnel conductance measurement in the
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temporal domain, illustrating the dynamic response of the 23 selected SGVPT devices in this channel,
without and with pressure applied. (C) Current responses for taxel 46 under different pressures, showing
the gate modaltion effect of applied pressure on the electrical characteristics of the SGVPT. Top right
inset: Current variations (red squares) are plotted versus the applied pressures. Bottom left inset:
Schematic band diagram illustrating the change in SBH of thergebiased top contact due to the
modulation effect of strainduced piezopotential. The original band edges at the reb&sed
Schottky contact for the SGVPT device without stress applied are shown as black solid lines. The band
edges bending at theversebiased Schottky contact for the SGVPT device with stress applied are shown
as blue dashed lines.

The pressure sensitivity of a single SGVPT is shown imreid1for taxel 46. We

applied increasing pressure at a fixed location on the SGVPT and measured the
variations in current response. The SGVPT device demonstrated high sensitivity for
detecting pressure change, particularly in-jam@ssure regions (<10 kPa).pfot of

current variation versus pressure changeuieigll (c), top right inset) shows the

modulation effect of applied pressure. It can be seen that the maximum pressure at
which a SGVPT taxel can still di sabovengui sh v
which the current saturates. The observed sensing range of a few kPa to ~30 kPa for a
SGVPT array is well matched to the range of pressure that a human finger applies to

sense texture and shape, 10 to 4083k The sensitivity of a SGVPT, defined as S =

dGsgwe?v d P (where G is the measured cohductanc
this value arises from the change in artransport of the SGVPT by applied pressure

due to the corresponding modulation of barrier height at the rebersed Schottky

contact by strakinduced piezopotential.
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Figure 12 Left: Experimental verification of piezotronic effect in operatiors@VPTdevices, showing
asymmetric tuning of the current under positive and negative voltages. Rightneasured response
(rise) time for SGVPT taxel is around 0.15 s. Hpplied pressure is ~ 15 kPa.

The conductance of a SGVPT device is dictated byethersebiased Schottky contact,
which is formed between ZnO NWs and top electrodes in this case. Upon applying the
normal stress, accumulation of piezoelectric charges at both Schottky contacts induces
the distribution of piezopotential. Because of thierdation of the polar-axis in the
assynthesized ZnO NWs (red arrow in Figure @), right panel), negative
piezopotential is induced at the revelsased top Schottky contact, which raises the
barrier height at that contact and hence decreasesati&pbrt conductance of the
SGVPT taxel, as depicted by the schematic band diagramsureHig(c) (bottom left

inset). The operation of the SGVPT device is therefore based on fateitace
modulation that enables enhanced sensitivity and efficieelafive to the channel
modulation operation in conventional FETs. The quality of the Schottky contacts has

been characterizeds shown in Figur&3.
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Figure 13 Left: Top view of the entire 92 x 92 SGVPT array, which has been divided2 regions.
Right Experimentally obtained Schottky barrier heights (SBHSs) idedlity factors for 32 randomly
selected taxels from the above 32 regions with (gregion) and without (yellow region) oxygen plasma
treatment, showing the significaimiprovement of Soottky contact quality in SGVPT taxels after the
treatment.

The SBHs and ideality factors of the formed contacts for devices without extra oxygen
plasma treatment before depositing the top electrode are 0.419 +0.011 eV and 5.84 +
1.29 respectively, wheas the SBHs and ideality factors of the formed contacts for
devices with extra oxygen plasma treatment before depositing the top electrode are
found to be 0.575 +0.013 eV and 2.17 £0.33, respectively. These results indicate that
the qualities of afabricated Schottky contacts have been improved by the oxygen

plasma treatmen69].

The feasibility and scalability of the proposed integration scheme are demonstrated by
the successful fabrication of the 92 x&xel SGVPT array, enabling a factor of 15 to

25 increase in number of taxels and a factor of 300 to 1000 increase in taxis iy
relative to recent repor{¥3-75, 77]. The outputcurrent of each individual SGVPT
taxel is measured and averaged within a short duration window of 10 ms. By monitoring
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the output current of each independently functioning SGVPT in the matrix, a spatial
profile of applied pressure can be readily imagedanijtiplexed addressing of all the
taxels. A 2D current contour plot was thus obtained by registering the measured current
to the corresponding taxel coordinates along the x (bottom electrode) and y (top
electrode) axes. Metrology mapping was then perforondtie fully integrated SGVPT
arraywithout applying pressure (Figure (&), inset), demonstrating that all of the 8464
SGVPTs within the array are functional. Subsequent statistical investigation revealed
good uniformity in electrical characteristics amg all taxels, with 95% of the SGVPTs
possessing current values in the narrowrange @ 13N 2. 73 ¢ A under 1 V
14 (a)). The uniformity in the current distribution of SGVPTs can be further improved
by optimizing the fabrication process, such as achieving a uniform number of ZnO NWs
within each taxel and obtaining even profiles in the-&tatk step of the SU 8 layer. To
demonstrate the tactile sensing capability of the integrated SGVPT array, we applied a
normal stress of ~25 kPa to the device by pressihgxagonal mold. As shown in
Figure 14(b), which presents for each taxel the difference between current values
beforeand after applying the normal stress, the profile of applied stress can be spatially

imaged.
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Figure 14 Tactile imaging and multidimensional sensing by the fully integrated 92 x92 SGVPT array.
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(A) Metrology mapping (inset) and statistical investigatidthe fully integrated SGVPT array without
applying stress. (B) Current response contour plot illustrating the capability of SGVPT array for imaging
the spatial profile of applied stress. Color scale represents the current differences for each taxel befo
and after applying the normal stress. The physical shape of the applied stress is highlighted by the white
dashed lines. (C) Multidimensional sensing by an SGVPT array exhibits the potential of realizing
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The SGVPT devices remained operational and capable of imaging the spatial profile of

applied pressure after 24 hours of immersio83f deionized water and 37C 0.9%

saline solution, as well as after 6 hours of immersion in 65€C deionized water and 65C

0.9% saline solutionHigure 19, indicating good stability and feasibility of SGVPT

array operation for future applications suclnagvo physiological sensing in complex

environments. Deteriorated adhesion between the encapsulation SU 8 layer in the

SGVPT array and the substrate was observed for devices after prolonged immersion

(12 hours) in both solutions at 65C. Note that evarsuch cases, the top electrodes
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and taxels remained in good shape; only rupture dbottem electrodes can be seen
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Figure 15:(a) Aging effect of humidity on SGVPT array performance. The pressppéed for device
after 24 hours immersion in 28 DI water and 6 hours in 6& DI water is ~ 15 kPgb) Aging effect

of physiological environment on SGVPT array performafide pressure applied for device after 24
hours in 37C 0.9% saline solution andi®urs in 63°C 0.9% saline solution is ~ 15°k.

To investigate whether a single device array could resolve the stress profile spatially
while also registering the stress variations to the mapped geometrical pattern (as
enabled by the uniform sensitive response of taxels across the whole arrag higygh t
spatial taxel density), we used a SGVPT deviceufeidL4(c)) fabricated on a solid
silicon substrate. A threaxis stage and force gauge was used to apply hormal stresses
with well-determined values and spatial locations to the device. The first group of six
normal local stresses, each around 8.1 kPa, were applieel array at preprogrammed

locations in a sequence indexed from 1 to 6, with the corresponding contours imaged
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and organized (Fige 14(c), panel &) to emulate the process of writing the letter A.

This process was achieved by varying the x and ydioates while keeping the z
coordinate constant in the control interface of the tlarae stage. It can be seen from
Figure 14 (c) (panel &) that spatial profiles of all six applied stresses can be
distinguished and mapped electronically. The secondogrbeix normal stresses with

the same locations were then applied to the array in the same sequence, except that the
stresses applied at sites 2 and 3 were increased to ~20 kPa; stresses at the other four
sites were unchanged. The corresponding mappetwsnwere agin recorded and
organized (Figure 1&), panel ). These results demonstrate the potential of using an
SGVPT array for future applications such as multidimensional signature recording,
which not only records the calligraphy or signatureégesat when people write, but also
registers the corresponding pressure or force applied at each location (dictated by the
resolution of the taxel array) by the writer. This augmented capability enables personal

signature recognition with unique identityda@nhanced security.
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Figure 16:Shapeadaptive sensing by the flexible 92 x 92 SGVPT arrg) Photographs of the
experimental setup for investigating the feasibility of a SGVPT array for sidgaive sensing. Upper
image, top view; lower image, sidgew with the device deformed. (B) Shapéaptive sensing of the
SGVPT array. (B1) The measured difference in taxel currents for the SGVPT array with and without a
supporting object beneath. The detected shape change of the SGVPT array is illustraethidytitue
regions; the physical shape of the supporting object beneath the SGVPT device is outlined by the white
dashed lines. (B2) The measured variations in taxel current values between bent the SGVPT array with
extra stress and the unstrained SGVR#&aiThe location of the extra stress is outlined by the red dashed
lines. (B2 B1) A clearer demonstration of the data is obtained by numerically subtracting B1 from B2,
giving rise to spatial imaging of the additionally applied stress when the shapeSGWPT device is
changed. The 3D schematic drawing at the lower right illustrates the process feadhpfiee sensing.

(C) Experimental results show the limit for shaguaptable sensing by a SGVPT array with the present
design.

The realtime detectio of shape changes caused by stretching or twisting is a desirable
feature for sensors embedded in an artificial @ssuprosthetic device. Figure (&)

shows the experimental setup for investigating the feasibility of a SGVPT array for
shapeadaptive snsing. A rectangular supporting object is affixed to the platen of probe
station, directly beneath the central region of the SGVPT array. After the probe pins are
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in contact with the pads at the periphery of the SGVPT device, the platen is further
raisedup so that the device is bent by the supporting object be(iEgtlre 16(a),

bottom) with a radius of curvature of ~79.63 mm. The plot of measured difference in
taxel currents with and without the supporting objectfedL6(b), panel &) illustrates

a good agreement between the detected shape change of the SGVPT array and the
physical shape of the supporting object beneath. The sltgptive sensing capability

was further examined by applying an additional localized stress to the bent SGVPT
array, usng the same setup in kige 14(b) and(c), as depicted by the 3D schematic
drawing in Figire 16(b) (bottom right). The measured variation in taxel current values
between the bent SGVPT array with extra stress and the mestr&GVPT array is

shown inFigure 16(b) (panel R). A clearer demonstration of the data can be obtained

by numerical sutbaction (Figure 16b), panel bRbl), which gives rise to spatial
imaging of the additionally applied stress when the shape of the SGVPT device changes.
Such shpe-adaptive sensing has also been investigated for other radii of curvature
(Figure 17). Because of the relatively large thickness of the SGVPT device (mainly
contributed by the polyethylene terephthal
saturation & SGVPT response under high pressure, and the constraints of the
measurement setup (e.g., limited vertical movement of probes), the SGVPT array is
unable to sense the change in device shape and further distinguish the applied pressure
when the radius of cuature is smaller than 30 to 35 mm (g 16(c)). The detectable

range of shape deformation (and of the corresponding stdaive sensing) can be
improved by engineering the device into more compliant form to reduce the strain
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induced in the SGVPT asresult of changes in device shape.
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Figure 17:Shapeadaptive sensing for different bending raafiil49.25 mm, 90.64 mm and 61.33 mm
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Internal strain detection and external strain sensing upon bending arergispectively

A SGVPT array wasepeatedly bent to a very small radius ofvedure (15 mm, as
shown in Figure 1Bat a frequency of 2 Hz to simulate accelerated aging. Metrology
mapping was then performed on the array and plotted for comparison with that of the
device before the cyclibending. No obvious degradation in SGVPT array operation

could be observed even after 1000 cycles of bending, suggesting good reliability and

stability in device operation.
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Figure 18:Cyclic test investigating the reliability and stability of SGVPT awpgrations. Taxel current
with 1 V bias for 32 random channels (each with 92 taxeds) monitored and statistically investigated
as well as plotted here.

4.2 Piezotronic effect in flexible thin-film based devices[86]

The success of semiconductor technology, which has led to advancement of modern
electronics and optoelectronics over the pewst decade$87, 88 is enabled by thin

film processing that provides engineering control over material properties as well as
scalable integrated fabrication processes. Considering the technological compatibility,
piezoelectric semicondumt thin films could be the excellent alternative to 1D
counterpart for realizing piezotronic applications. For applications like
electromechancial sensing and hurmaaichinenterfacing, flexible polymer substrates

and hence compatible Ietgmperature grovatof active materials are requirgdn the

other hand,the presence of piezoelectricity does not necessarily rely on single
crystallinity, but rather requires the alignment of polar axis of the grains, which is also
achievable in polycrystalline films degited by norepitaxial techniques due to self
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texturing phenomena and lack of center of symmetry in th@epssited textured
structuref89, 90]. Taking into account of factors such as growth uniformity,
reproducibility, process compatibility and scalability, RFtggming is the technique of
choice for our investigations on thin film based piezotronic effect and related potential

applications.

This work isthe first study of piezotronic effect in R¥puttered semiconductor thin
films. The structural properties ofngineered ZnO thin film in this work are
characterized before further integrating it into functional piezotronic devices.
Modulation of charge -carrier transport via piezotronic effect is successfully
demonstrated in these thin film based devices, andrttlerlying mechanism is also
discussed. Moreover, the tuning effect of stiamuced piezopotential on the UV
sensing capability of thifilm piezotronic device has been investigated. This study
shows the possibility of building thin film based piezotroméwices for technological

applications.

First, ZnO thin film with controllable property was grown via RF sputtering on flexible

PET substrates for structure analysis. Parameters such as chamber pressure, sputtering
power, mixing ratio of gases as well aputtering temperature are manipulated
systematically to achieve optimized piezoelectric characteristics and charge carrier
density of the sputtered ZnO thin film. Specifically, the chamber pressure and sputtering
power were set at 12 mTorr and 125 W exdjvely to achieve a reasonable growth rate.
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The sample holder was heated up to 100 € during the growth process to improve
crystallinity of the assputtered film. Finally, the agrown ZnO thin film was treated

with oxygen plasma before electrode fahtima for improved electrical contacts. The
dominant diffraction peak ithe X-ray diffraction (XRD) (Figure 19@)) for the as
grown film centers around 2d = 34.3A,
Wurtzite ZnO. The other observable diffractipeak within the range of (255 40J is

the peak arising from neequilibrium growth. This result indicates that <0001>,
corresponding to the-axis of Wurtzite ZnO, is the preferred growth direction and
suggests that the-ggown film consists of multiplenesoscopic columnar grains. As is
schematicaill shown in the inset of Figure 18), alignment of the-@xes within these
columnar grais gives rise to macroscogeezoelectricity of the ZnO polycrystalline

thin film. To obtain further irdepth structurahnalysis, the ZnO thin film sputtered on
flexible substrates (PET in our case) was examined U&tMy The incompatibility of
flexible substrates for crosection TEM sample preparation was overcome by
introducing a transfer ¢bnique as described in kige 19(b). A sacrificial layer of
photoresist (NRA500PY) was spircoated onto the PET substrate before the
subsequent growth of ZnO thin film, with the sputtering parameters specified above. A
silicon substrate was attached to theyamvn ZnO film withepoxy gel and the sample
was then baked at 85 C°for an hour to improve epoxy's resistance to solvents. Lastly,
the sample was put into acetone to dissolve the sacrificial layer and the ZnO thin film
was successfully transferred from PET substrate teosilisubstrate, which is
compatible with TEM sample preparation. The TEM characteozagsults are shown
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in Figure 19(c). Bright field and dark field crossectional TEM images of the
transferred Zn@hin film are shown in Figure 1&1), confirming thecolumnargrain
structure of asputtered film. Electron diffraction pattern is shown in Fig®€cR)
and the areshaped diffraction spot of (0002) further proves the alignmentasfes
among the columnar grains of thegaewn ZnO thin film. The 24°spead angle of the
spot relative to the center of the pattern indicates that most grains havedkes lee
within the range of12°D12°elative to the normal direction of the substrate. Figuge 1
(c3) and Figure 4(c4) present high resolution TEM (HEM) images at two different
locations along the boundary, clearly showing that thianes are generally parallel to
the boundary for both grains. In addition, from the diffraction pattern in the two insets,
it can be seen that while thekages are aliged along the same direction, there is a 30°
in-plane rotation relative to each other. This implies that thepagered film has no
preferred crystal orientation in directions perpendicular to the overall effeetivis,c
which leads to the cancellatiarfi the overall piezoelectric effects perpendicular to the
c-axis. These results discussed above fully support the conclusion thassihetased
ZnO thin film on PET substrates has columnar grains with preferagisrientation

and thus is piezoeleat.
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Figure 19: Sucture characterization of the polycrystalline ZnO thin film grown by RF sputtering onto
PET substrates. (a) XRD diffraction spectrum of the ZnO thin film. (b) Schematics on how to transfer
the assputtered ZnO thin film from PET to silicon for TEM samppreparation. (c) TEM
characterization resulté1) shows the bright field and dark field cressctional TEM image of the thin

film. (c2) shows the diffraction pattern of the thin film. (c3) shows the HRTEM images of two different
locations along the himdary. The corresponding diffraction patterns are shown in the insets.

In order to conclude the polarity of the corresponding electric field, the polarity of the
film needs to be determined. Here, piezoelectric tests were performed for this purpose,
by investigating the straimduced electrical outputs of-assembled device, which has

the metalZnO thin film-metal structure. A layer of 5 nm chromium (Cr) was deposited
onto PET first by electreheam evaporation to serve as the bottom electrode and
adheson layer. Then part of the Cr layer was masked and ZnO thin film was
subsequently grown on selectivadyposed region of the Cr layer by RF sputtering.
Finally, a layer of 5 nm Cr top electrode was deposited on ZnO thin film. The device
was then connectet a voltage pramplifier, firstly with the top side of the device
connected to the positive pole, as sketched in Figdr@)2 The linear actuator was

programmed to apply mechanical strains by periodically pushing, holding and releasing
51



the device whi corresponding electrical outputs from device were acquired. As can be
seen from the typical voltage signals generated by the device upon straining (Bigure 2
(@), when the device was pushed by the actuator, ZnO thin film was subject to
compressive straiand a negative electric pulse was recorded. After holding the sample
for 1 s, the pressing force was released and a positive electric pulse can be observed.
Since positive piezopotential occurs at the positive sideasfiswhen ZnO is under
tensile stain and negative piezopotential occurs at positive sideagfscwhen ZnO is

under compressive strain, the above observed results indicateakist @f the as
sputtered ZnO thin film grown on PET substrate is pointing up and away from the
PET/ZnO interace (Figure @ (). To verify this, connection to the two poles of
voltagepreamplifier was switched and it can be seen from Figi(b)2hat a positive

pulse was generated upon pushing and a negative pulse was observed upon releasing
the sample, whichs consistent with the above conclusion. A control test was also
performed by replacing the PET substrate with titanium foil while maintaining all other
parameters unchanged. By comparing the results obtained from control group in Figure
20 (c) with thosein Figure D (b), it can be concluded that-aputtered ZnO thin film

grown on titanium foil possesses the oppositxie polarity to that grown on PET
substrate, with its-axis pointing down towards the Ti/ZnO interface. This set of results
implies thatproperties of the substrates are crucial in dictating the piezoelectric polarity

of the RFsputtered ZnO thin film, which can be explained from two aspects: heat is
generated and transferred to the substrate during the sputtering process; positive charges
are transferred from positive argon ions in the chamber atmosphere to the substrate
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through collision. Previous studies also suggested that thermal conductivity and electric
conductivity of the underneath substrate material can affect the piezoeletritypo

of the asgrown film effectively. For the case of PET substrates, although a grounding
electrode is used, it cannot dissipate heat and transfer electric charges efficiently due to
the fact that the grounding electrode is only 5 nm thick and isésblaoth thermally

and electrically from the metal sample holder by the underneatis 3fi@ick PET
substrate. Consequently, during the initial stage of ZnO film growth, heat and positive
charges will accumulate on the substrate surface, both making @aisapoxygen

atoms more energetically favorable than that of zinc atoms. This initial stacking
sequence dictates thaagis of the agyrown film is pointing up from the interface. For

the case of titanium foils, on the other hand, conductivities fdrdrehelectricity are

both much higher and the zinc atom layer with higher surface energy will hence tend to
be adsorbed first while the oxygen atom layer with lower surface energy will tend to
terminate the growth, leading to the reverse polarity oriemtat which ecaxis points

down towards the interface. However, polarity control of thepadtered piezoelectric

film is complex and noitrivial in the sense that it's not only influenced by substrate
properties but also sputtering conditions and mahgrdiactors, which needs more in

depth investigations.
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Figure 20Piezoelectric tests were performed to determine-pdscorientation of the ZnO piezoelectric

thin film. The color gradient at the bottom represents the distribution of piezopotential. (a), (b) Test was
performed on PET based samples with top electradk eonnected to the positive pole of voltage pre
amplifier in (a) and negative pole of voltage-araplifier in (b). The sequence of electric pulses indicates
that caxis of the agyrown film is pointing up and away from the PET/ZnO interface. (c) Cotestl

was performed by replacing the PET substrate with titanium foil and top electrode connected to the
negative pole of voltage pamplifier. The sequence of electric pulses indicates Haaiscof the as

grown film is pointing down towards the Ti/Zni@erface, opposite to that grown on PET substrates.

Based on the above characterization results, the feasibility-grioasy ZnO film for
piezotronic applications has also been investigated. ZnO piezoelectric thin film was
directly grown onto PET substes with identical process parameters. A pair of top

electrodes was made subsequently by eledieam evaporation, each with size of
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iImmi n the shape of square and separated frc
thepiezotronic effect, several otheell-known mechanisms may also contribute to the

observed conductivity change of the device. One is the geometrical effect which can be
guantitatively expressed as R = 11/ A, and
resistance change. The other ispfezoresistive effect that arises from change of-inter

atomic spacing due to external strain, leading to change in bandgaps. It is worth noting

that these two effects are both o6volumed e
the semiconductor matati while piezotronic effect modulates the material

conductivity by affecting characteristics of mesaimiconductor interface.

In order to determine which mechanism dominates in tHatagated ZnO thin film
device, a pair of Ti/Au (5 nm/25 nm) electesdwas deposited sequentially onto the
first group of ZnO thin films in order to form Ohmic contacts with ZnO. Due to the
high carrier density near junction interface associated with Ohmic contact, the effect of
piezopotential can be significantly mitigdtg20], while the contributions in
conductivity change due to geometrical and piezoresistive effects should remain
unaffected.4V characteristics were subsequently obtained when the device was subject
to different strainsrad the results shown in Figure g4 indicate that for strain up to
4.48%, both geometrical and piezoresistive effects have little influence on the device
conductivity. The stress states introduced here in the film is different from the one used
in the piezoelectric test, but both stressestatill lead to strains in the overall effective
polar direction of the ZnO thin film, which is perpendicular to the substrate. Strain
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values are estimated according to analytical solutions for elastic bending provided by

previous studie$91], with tensile strain defined as positive and compressive strain

defined as negative. The strain values used here are for longitudinal strains induced

parallel to the substrate plane, which is for calibration purpose. The transverse strains

in thefilms, which are along the overall effective polar direction of the ZnO thin film,

can be estimated accordingly (using properties of film such as Poisson's ratio).
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Figure 21:(a) IV curves under different strain values were obtained from a device with Ohmic contact
electrodes, indicating that both geometrical and piezoresistive effects have little influence on the device

resistance for strains up to #.48%. The inset is ametiie of the device. (b}V curves under different

strains were obtained from a device with Schottky contact electrodes, demonstrating modulation of
charge carrier transport via piezotronic effect. (c) Calculated changes in current and SBHs explicitly
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device. (d) Temporalomain current response to applied periodic strains presents the feasibility for
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electromechanical sensing applications with deaetiability. (e) Uniformity is demonstrated by
collecting current values of 100 devices, shown in the blue histogram; fatigue behavior is investigated
with cyclic bending test, shown in the red curve.

In the second group of devices, 30 nm Au was us&t@ad as the electrodes (namely
source and drain electrodes) to form Schottky contacts with ZnO, which was confirmed
by the FV curves shown in Figure 2(b). When a compressive strain was applied,
current flowing through the device increased; when aleessain was applied, current
flowing through the device decreased. To
external strain on modulating the charge carrier transport in ZnO thin film piezotronic
device, current values (1) in device under varistiains were monitored at fixed bias.

lo was the current flowing through the device when no strain was applied. As can be
seen fromhe I/lo-strain curve in Figure 2(t), the currents in the device corresponding

to each strain applied were similar whather the source or drain electrode was
reversely biased (red triangles for 10 V bias on source and green circles for 10 V bias
on drain). The slight difference observed might be caused by unintentionally introduced

variations in the Schottky contacts atisce and drain electrodes during fabrication.

The strairinduced change of Schottky barrier height (SBH) is aldoutsted and
plotted in Figure 21(c) by utilizing the thermionic emissiediffusion theory,
presenting a change of 60 meV in SBH at bathtacts when the change of applied
strain was 1%. The tempordbmain current response to applied periott@iss is then
shown in Figure 21(d), demonstrating the feasibility of utilizing ZnO thin film

piezotronic devices as electromechanical sensofs aatent reliability. To further
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characterize uniformity and reliability of our devices' operation, 100 of such devices

are fabricated and their current values at 2 V bias and zero strain a@etezbllAs

summarized in Figure A&) (histogram in blue), 8% of the devices have current values
within the range of 2 N 0.2 €A, with the me
of 0.172 ¢A. It i's worth noting that under
deviceisincreased iyl 4 ¢ A u n d eive staain of-@.86porard slecreased by

D1.8 €A under a tensile strain of O0.72%, b
deviation observed. This suggests the good uniformity and reliable operation of our

thin-film based piezotronic devices. Cyclic bemgltest is also performed to investigate

the fatigue behavior of our devices. A relatively large compressive strat 586

(corresponding to a bending radius of 1.5 cm) is periodically applied onto the device to
accelerate the aging process and the ntivalues under 2 V are recorded per 100

bending cycles. From the results shown in Fidiirée) (red curve), it can be seen that

the initial current valwue i s 2aft&@@2066 A and
bending cycles. This level of current decrease from fatigue is also much smaller than

the variations induced by piezotronic effect, indicating stability and reliability in

operation of our devices even under cyclic bending with large magrofudeuced

strain.

The band diagrams of ZnO thin film piezotronic devices are illustrated in R2guoe
better demonstrate the underlying working mechanism. Figdr€a) shows the
Schottky barriers formed at both contacts with similar barrier heighisn the device
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is connected to an external power source, the drexsni level of one electrode is
raised (source side here), giving rise to the band diagram shown in Ezgbjewhich,
however, does not affect the barrier heights from the metal sidé®sth electrodes.
When a tensile strain is applied to the device, negative piezoelectric polarization
charges are induced at the top surface of ZnO film. These immobile ionic charges
deplete free electrons near the msiiconductor interface and thiene increase the
SBHSs at both contacts, as shown in Figz2¢c). When a compressive strain is applied

to the device, on the other hand, positive piezoelectric polarization charges are induced
near the top surface of the ZnO film, attracting free elastimwards the metal
semiconductor interface and therefore decreasing the SBHshatdraacts, as shown

in Figure 22(d). The conductivity of the entire thin film device is dictated by the
reversely biased contact and the effective conductivity of thieelés sensitive to the
change in SBH at that specific contact. Different from piezotronic devices based on 1D
nanomaterials in which metaemiconductor contacts are formed at the two opposite
polar surfaces, both source and drain electrodes in thetdm@rin piezotronic devices

are in contact with the same surface otlaposited ZnO film, and hence piezoelectric
polarization charges with same polarity will be induced at both Schottky contacts when
external strain is applied. This leads to the obsekxécurves (Figur€1 (b)) in which

same tuning trend of applied strain can be observed when either source or drain side is
reversely biased. As pointed out earlier, this helps circumvent the difficult and elusive
predetermination of -exis orientation dr 1D nanostructures and brings significant
simplification and convenience for further construction of integrated de\sgsgems.
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Figure 22:Band diagrams of ZnO thin film piezotronic devices, illustrating the underlying working
mechanism. (a$chottky barriers form at both contacts with similar barrier heights. (b) The [eeamni

level of one electrode is raised (source side here) when the device is connected to an external power
source. (¢) When tensile strain is applied to the device, neggaittzoelectric polarization charges are
induced at the top surface of ZnO film, depleting free electrons near theseet@ionductor interface

and increasing the SBHSs at both contacts. (d) When compressive strain is applied to the device, positive
piezcelectric polarization charges are induced at the top surface of ZnO film, attracting free electrons
towards the metademiconductor interface and decreasing the SBHs at both contacts.

In conclusion, flexible piezotronic device based on-dphttered piezdectric
semiconductor thin films has been investigated for the first time. The dominating role
of piezotronic effect over geometrical and piezoresistive effect in tiebasated
devices has been confirmed and the modulation effect of piezopotentilaaye c
carrier transport under different strains is subsequently studied. It is prospected that
piezoelectric semiconductor thin films can be an excellent alternative to their 1D
counterpart for realizing piezotronic applications due to the technologitglatibility

with stateof-art microfabrication technology. Results demonstrated here broaden the
scope of piezotronics and extend its potential applicatiortbdrields of sensors,
flexible electronics, flexible optoelectronics, smart MEMS/NEMS and humachine
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interfacing.

4.3 Summary

In summary,the motivation of my PhD research is to further develop the field of
piezotronics beyond single NW based devicHse above works discussed in this
chapter have made meaningful steps towards achieving this gealfi&ally, the first

work addressedhe problem by utilizingpixel addressabl&nO NWs arrayand
achieved a large scale integration of tactile sensors at a very higlticesolhe second
work addressethe problem by utilizing RF sputtered ZnO thin filmd demonstrated

the piezotronic effect based on a widely used thin film deposition technology in the
industry. It is expected that lgypingdown these two routes, we can nifilthctionalize
piezotronicdevices as well as expedite the progress of commercialization of this young

technology.
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5. Piezghototronic effect
Coupling of different conventional fields is a typical pattern of how science and
technology is progressed based on existing understandinghysical laws and
processes. The field of piezotronics iepresentativexample of innovatin onstrain
sensing mechanissiby coupling the field of piezoelectricity and electroniss.even
more convincing example is the field of optoelectromesnely the coupling between
optics and electroni¢svhich has brought dramatic change to areas of lighting, energy
harvesting, sensing etc. The idedioking piezoelectricity, electronics and optics all
together iexciting and mighevenberevolutionay. This three way coupling has been
named as the piezophototronic effect by pioneers of this field and many significant
progress has been achiejjed, 92-96]. However, one problem that remained in this
research area was the same as that of piezotno@ntoned in the previous chapter.
Most of theworks weredonebased on single NW architecturénder this context, |
also tried to address this issue in my PhD research by scaling up the architecture from
single NW based devices to NWs array as well as thin film based devices to overcome
the limitations and contrilie to elevating the research area from the device level to the
system level.In the following, works studying the performance improvement of
photodetectors and solar cellsthg piezophototronic effect based on ZnO NWs array

and thin film materials wilbe elaborated.

5.1Enhanced UV detection sensitivity of ZnO thin film photodetectors by the
piezophototronic effec{86]
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A ZnO thin film / gold system can be used for UV detection thanks to both the strong
UV absorption of the ZnO material as well as the eleelr@e pair separation
mechanism enabled by the Schottky junction at the ZnO infeuface. The device
fabrication i s exac %2 piezotiorec Kffacthen Blexiblel i scus s
Thin-film Based Devices A 365-nm UV lamp was useals the light sourc®uring the
experiments, théJV light was turned on for 1 s and then switctaff] while the
temporal response of current from the device was moditaneerthe bias of 5 V. In

Figure 23(a), the black curve was recorded when no strain was applied to the device,
showing a sensitivity (defined as the percentage increase of cuaheas)of 25% and

a reset time ofD880 s. When 0.24% tensile strain was applied, an apparent
enhancement of sensitivity was observed, from 25% to 89.25% with a shorter reset time
of 582 s, as shown by the blue curve. When the applied tensile strain vezsatcto

0.48% (the red curve), the UV sensitivity further increased to as high as 112.5% with
an even shorter reset time of 337 s. The cases for device under compressive strains are
alsoobtained and plotted in Figure 2 for comparison. Wher0.24% @mpressive

strain was applied, the device sensitivity decreased from 25% to 13.21% (green line).
As the applied compressive strain was increase.48%, as shown by the orange
curve, the sensitivity further decreased to 12.9%. The corresponding meset ti
increased to over half an hour for both cases. The tuning effect of strain on device's UV
sensiivity is summarized in Figure 2@) and a significant enhancement of sensitivity

by applying tensile strain can be observed.
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Figure 23Zn0 piezotronichin film based UV sensor with tunable sensing capability. The color gradient

at the bottom represents the strain induced piezopotential. (a) Tensile strains are applied to the device
which increases the UV sensitivity and decreases the reset time. (py&ssive strains are applied to

the device which decreases the UV sensitivity and increases the reset time. (¢) Sensitivity of the UV

sensor under different strain values. The insets explain the underlying mechanism of the strain tuning
effect.

In additian to the direct contribution from phot@enerated excess carriers, ZnO has
another important mechanid®7, 98] that contributes to its UV sensing capability. In
dark environment, oxygen can be adsorbed onto ZnO surface through the reatction [O
+d --> O . Since free electrons are consumed by this adsorption, a depletion layer is

consequently created that decreases the conductivity near the film surface. Upon UV
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illumination, excess electremole pairs will be generated and the generated holes can
dischage the adsorbed oxygen ions, leading to the increase of surface conductivity.
Meanwhile, with the accumulation of excess electrons, oxygen will-bdserbed and

finally a new equilibrium is reached. When the illumination is turned off, electrons and
holes will start to recombine with each other. This recombination process can, however,
be very slow due to the hole trapping effects at the surface, mitigatingadsamption

of oxygen, which explains the long reset time normally observed in ZnO based UV
sensord97]. The above mechanism applies to the situation where bare ZnO is exposed
to UV light. For our device, in addition to the above processes, the Schottky barriers
formed between Au electrodes and ZnO also come into play by introducing a strong
local electric feld across the interface. Immediately after electrole pairs are
generated upon UV illumination, they will be effectively separated by this local electric
field, which reduces the recombination rate and increases the carrier lifetime and
density. As aesult, oxygen can be discharged and desorbed at a faster rate. Meanwhile,
the SBH is decreased due to illumination so that more charge carriers can transport
through the barrier region. These factors all lead to the enhanced sensitivity observed
for Schotky-contact based ZnO UV sensors. When UV illumination is turned off, this
local electric field can quickly restore the carrier distribution to its original status,

overcoming the trapping effect, and hetead to a shorter reset time.

When strain is inbduced into the system, the induced piezoelectric polarization
charges can also effectively modulate the above processes, as shown by thecschemati
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and band diagrams in Figure 28. When tensile strain is applied (region in light
yellow), negative poldzation charges are induced at the top surface, promoting the
oxygen adsorption/radsorption process, which contributes to the observed increased
UV sensitivity and decreased reset time. Moreover, the induced negative piezopotential
will raise the SBHs 1 both electrodes, resulting in further improvement to the UV
sensing performance. On the other hand, when compressive strain is applied (region in
light blue), the induced positive polarization charges at the surface will partially deplete
the free electins in the surface region, mitigating the oxygen adsorpti@userption
process, and hence decrease the UV sensitivity and increase the reset time. The positive
ionic polarization charges at the semiconductetal interface can also lower the SBHs

and urther degrade the UV sensing performance.

In short the above work demonstrates the piezophototronic effect based on ZnO thin
film materials whickcan effectively tun¢he performance of a Schottky junction photo

detector.

5.2Performance optimization of slicon-based i n junction photodetectors by the
piezophototronic effect[99]

This work also studies the modulatiof PD performanceby the piezophototronic

effect. There are, however, several distinct differences when compared with the above.

Firstly, ZnO NWs array are usexs the rtype layeyinstead of thin filmssecondly, the

PDis p-n junction (pSi / nZnO) based instead of Schottky junction based; thirdly, the
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detection of visible light is studied here instead of UV light, which means thanhte
material acts as a window layer aad antireflection layer and the excitation of

electronhole pairs happen on the silicon side.

The structure of an dabricated jpn junction PD is scheatically illustrated in Figure

24 (a). A piece of boron doped-type silicon with resistivity 43 0 cnuis used as the
substrate as well as thetype semiconductor. Surface modification was performed by
etching the silicon in KOH solution to produceicro-pyramid structures with an
average sizef 214  g(Figure 24 (b)). A 100nm ZnO seed layer was subsequently
sputtered to cover the miepyramid structure and ZnO NWs array was synthesized on
top to form the i / ZnO heterstructures, as shown in Figure @). Ag nanowires
were dispersed otine ZnO NWs array as shown in Figure Zd), in order to increase
the conductivity of the top electrodd-inaly, the ITO layer and copper were
respectivelysputtered on the ZnO NW array and thiyjpe Sito serve as thtop and

bottom electrode

(@

_JAg NWs @ p-Si
ITO _jcu

# zno
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Figure 24:Device fabrication. (a) Schematic structure of -8ifm-ZnO NW hybridized PD. (bd)
Schematic structure (left panel) and SEM images (right panel) of (b) etched Si wafeSan&pO
heterojunctions (c) before and (d) after spin coating Ag NWs.

The FV-strain characteristics of tHfeDswere firstly measured in dark envinment

Strain was pplied onto the PD from the IT@nO side by using a linear stage. A
Kapton/PDMS cushion was used so that the displacement from the linear stage is large
enowh to be accurately read. Bgingt h e Yo u n g dakieohile @MS warsd

the ZnO, strain applied on the ZnO NWs array could be estimated. Accordingly, the
result of the 4V-strain characteristics was plotted in Fig@fe(a) with tensile strain

being defined as positive andompressive strains as negatives we can see, the
forward bias current obviously increases with higher strain apflreglinset of Figure

25 (a) plots the output current of the cell against the applied strain under a bias voltage
of 2 V. This indicates that the rectificatiasf the pSi/n-ZnO heterojunctiorcan be

enhanced by applying compressive strain.
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Figure 25:Working mechanism. (a) V characteristics of the device under different strain conditions
without laser illuminatia. The inset shows the current changes with the external strains when a 2 V bias
is applied. (b) Simulation results of strain distribut{top panel) and piezoelectfotential distribution
(bottom panel) in the ZnO nanowire array by FEA. (c, d) Schentatind diagrams of a$i/n-ZnO
heterojunction (c) without and (d) with compressive strain applied to illustrate the working mechanism
of piezaphototronic effect optimizedip junction PDs.

A finite element analysibased on the 2D physical model wamducted to simulate

the strain/piezoelectric potential distributions in ZnO NW arrays, as shown in Figure
25 (b). A pressingforce of 10 Nwas used anthe simulation resultgdicatethat the
compressive straiooncentrateg the ZnO NWslocatedaroundthe tips of the micro
pyramids (top panel in Figuré&Zb)). The corresponding piezmtential distributions
werealso illustrated in Figure2(b) (bottom panel), bgetting the eaxis of the NWs
array as pointing upwargll) The influence othecompressive straimduced positive
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potentialon thephoto detectiomprocess at the-Bi/n-ZnO interfacecan be explained

by the expansion of the depletion width on th8isid¢ 100 and the modification of

the band diagrafd01] (Figure 5 (c), (d)). The band gap and electron affinity values

for Si and ZnO aré&gysi= 1.12 eV,Gsi = 4.05 eVandEgzno= 3.36 eV,Gzno= 4.35 eV
respectivelyAccordingly, a conductive band offsef k= 0.3 eV and a valence band
offsetof (p E= 2.54 eM 102 will be presentvhen the heterogeneous junctisfiormed

as shown in Figure22(c). Uponvisible light illumination, photonswith a uniform
wavelength of 442 nrpass through the-BnO window layer and are mostly absorbed

by the p-Si, leading to the generation efectrori hole pairs and thus increagitthe
current level. When compressive strain is applied, the positive ppdarization
charges induced at the junction interface shifts the depletion region towardSithe p
side. Since electrehole pairs are mostly generated in the Si, the effectiparesion

of the depletion region onfype side increases the photon absorption volanaethus

more free carriers can be generaféevertheless, the positive piezbarges may also

act as electron traps that hinder the transport of photogenerated al¢otrands the
n-ZnO side. On the band diagram, this effect can be understood as creating a dip in the
band profile, as shown in Figur® &l). Two effects from the positive pieztharges at

the interface compete with each other and for a broad rangeaiof applied onto the
piezoelectric ZnO, we may expect to see an optimal strain level at which the
performance of the PD is the best. The above is the qualitative understanding of the

piezophototronic effect that we introduce to the PD system.
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The strainfree performance of the PDs was firstly investigated and the results are
summarized in Figur@6. To study the transmittance of the ZnO NWs array and the
silver NWs, the opaque silicon substrate was replaced by a transparent glass substrate
while the synthesis and fabrication methods were maintained. The transmission spectra
of the ZnO NWs is shown in Figu@&s6 (b), indicated by the black solid line and the
transmission spectra of the ZnO NWs plus silver NWs is shown in FRfu(b),
indicated ly the purple dashed line. We can see that the transmittance for both cases are
larger than 90% at the wavelength of 442 nm, which indicates that the photogeneration
process majorly happens on th&ppside. Figure26 (c) shows the response of the PD
under442 laser illumination witmine different power densiti#ganging from0 to 1.3
x10"4W/cm?, when a 2 V voltage was applied as the .biae output current increased
from 20.5 &A uUth8dk5c aAr*@Mct?R The mskiflots the

output current vs power density which clearly shows a near linear depenidibedy.

V characteristics of the PD under these nine different illumination power were also
measured, as shown in Figuzé (d) together with a photograph of the real device

shown in the inset.

71



(a) (b)
_|Ag Nws @ p-Si

ITO “|Cu - P _— e
Sapphire 8 ZnO S /
_iSapphire B 3 aol
— ZnONW
» & == ZnO NW + Ag NW
-
40
: 0 300 1200
Wavelength (nm)
(c) (d) 100 m
80 ° —
< / — 0,08
2 2 1.3 —0.16
80 & o — —0.32
= — 0.50
< I3 3 o 2 —0.63
T [0 | Bias 2V 10 g ——0.79
~ 60 00 04 08 12 = I —1.0
g Power Density (1E-4 Wicm? ) | 519 & L) e
A - A
(1E-4 Wicm?)
3 0.50 3
40
Power Density unit:
20} 1E-4 Wicm? ot
0 20 40 60 80 2 A 0 1 2
Time (s) Voltage (V)

Figure 26:General photoresponse ofS¥n-ZnO NWs hybridized PDs. (a) Schematic illustration of the
experimental setup. (b) Transmission spectra of a ZnO NWs array on the glass (liddake3@nd the

ZnO NWs coated with Ag NWs (purple dashed line). The insets are a photograph and SEM images of
Ag NWs. (c)lit response of the device under different illumination power densities at 2 V bias voltage.
The inset shows the current changehwite power density. (d) V characteristics of the device under
different illumination power densities when a triangle wave is applied. The inset shows a photograph of
the real device.

Strain is then introduced into thlsystem to study the piezophototioeffect on the

PDb6s p er fricsttymadarthe same setup that was used to obtain R2§{cg,

11 different strains ranging fron® . 00 -@. 4 ® a were further apfg
results are summarized in Figuté (a). Under each power densiffrom 3.2 x10°to
1.3x104%W/cn?), 11 different strainswereappipd ng fronm
onto the PDwhile its optoelectronic behaviowas measuredndicating an obvious

increase in output currends a result of either increasing the illmaiion intensity or

applying compressive strain or bothh e p h ot o ¢ UlkaksBaictrepopdentss |
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the dark current under certain strairssjurther shown irFigure 27(b) to illustrate the

effect of applied strain and illumination intensity on the performance of thé& e

this figure, we can see thetocal maximunof thephotocurrentpi s obt ai ned at
compressive strain undénese different illumination interigs. Relative sensitivity

| ddrkis calculated and shown ingare27 (c). Due to the fact that compressive strain

also increasedark current, the highephotocurrenpercentage changg obtained at

70 . 1 @oé&the power densis rangingrom 0.08 to 0.5%10'* W/cn?) but for the

power densitiefrom 0.63 to 1.3%10'4 W/cnr), the highest photocurrent percentage

change is achieved at the strfiiee stateTo fairly compare the performance of the
photodetector under different illuminati power densitieshe photoresponsivitg was

also calculatethased on:
O s O & -
0 0

[

, wherePy = Iy x S is the illumination power on the PDignts andldark,srepresent the
photon and dark current under the corresponding external strain, respeétvslihe
internal gaindextis the external quantum efficiency (EQR)is the electronic charge;
hi s Pl an c ks the freguansytofthre light is the excitation power density;
Sis the effective area of the PBrom the results shown in Figure 27 (@g can see
that the R for these different illumination intensities are all optimized at the strain of
0.14 , with the highest value of 7.1 A/W atpower density of 3.2 x 1§ Wi/cn?,
corresponding to a relative enhancement of 171M3éR value achieved here much
larger tharthat of atypical commercial Si photodiode PD (in the rangd 0.2 A/W at
442 nm)[103.
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Figure 27:Piezophototronic effect. (a) Output current of the PDs under different strain and illumination
conditions at 2 V bias voltage. The inset shows a schematic illustration of the experimental setup. (b)
Photocurrent, (cyelative sensitivityof the device under different strain and illumination conditions,
biased at 2 V.

The photodetectionmepeatability of the {8i/n-ZnO NW PDsunder a bias of 2 \énd
zero strains presented in Figur28 (a) by switching the 442 nm laser souime and

off for six cycles with the illumination density 80 x10°8, 3.2 x10°, and 6.3 x10°
W/cn? respectivelyRise and fall response time of the PD under different illumination
intensities was further analyzed, as shown in Fig8rg) where the weighaveraged
response time was calculated by fitting the experimental curve with dexjpteential
functions[97, 104]. A fall time of the PDapproximated &7 ms ana@rise time ranging

from 110 to 229 msvereobtained. A similar measurement is carried lmufixing the
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illumination power at6.3 x 10'°W/cn? and applying different strains to the device.
Figure28 (c) demonstrates the repeatability of the photodetecthule wigure28 (d)

shows the rise and fall time of th®PWeightaveraged rise time and fall tinveere

calculated andreshown in Figur@8(d) under different external strains. No significant
changesfor the fall time could beobservedunder differentstraining levels buta
minimumvalueof1l0lmsaso bser ved f or the rise time at

corresponding to a relative change of 87%.
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Figure 28:Repeatability and time response of the PDs. (a) Repeatability and time responsetand (b)

corresponding rise and fall time of the device under different illumination power densities, under

1T0. 2438 external strains. (c) Repeatability and ti me
time of the device under different compressive s&aiinder a power density of 6.3 ¥ 2@V/cn?.

In summary, the effect of piezophototronics on theSi/n-ZnO heterojunction

photodetection system was studied. Visible light of 442 nm was used as the light source
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and the photodetection performance of B was successfully modulated and
optimized by the piezophototronic effetmaximum photoresponsivify of 7.1 A/W
anda shortestising time of 101 msvereobtained from these PDs whanompressive
strai n avasappliecbrioGhe ZnO NWsarray ofthe PO corresponding to a
relative enhancement of 177% R and shorteningof 87% in response time,
respectively. This work provides a potential approach to enharog#imize the

performances of silicebased optoelectronic devices by the piphototranic effect.

5.3 Effective piezghototronic enhancement of solar cell performance by tuning
material properties [105

The above works have studied the performance enhancement and optimization of

Schottky junction and heterogeneousn pjuncion photodetectors by the

piezophototronic effectbased on both ZnO NWs array and thin film materials. Here,

we further study the case of PSMHEZnO based thin film solar cells and demonstrate

the benefs brought bythe piezophototronic effecbwardsthe field of solar energy

harvesting.

The structure of the solar cell is shownRigure 29(a). 100 nm of ITO is firstly
deposited onto transparent and flexible PET substrate as the top electrode. 600 nm of
ZnO is subsequently depositeg RF sputterrng, leaving out the margins for later
electric connection. The sputtering parameters vary for different groups of samples
according to the needs of our study but the common parametersRifgopawer of 120
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W and a total pressure of 6 mTorr during the dejos Electronic grade P3HT was
purchased from Sigmaldrich and dissolved into chlorobenzene at a concentration of
10 mg/ml without further purifidgon. Then the solution is spitbated onto the ZnO
layer at a speed of 700 rpm for 30 s to form thgpe layer. Drying is subsequently
performed at 120 € for 5 min under nitrogen environment to improve the electrical
and contact properties. Lastly, a 100 nm gold layer is depositedP@HT as the

bottom electrode.
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Figure 29:General performance strainfree ZnO/ P3HT solar cell (Group 1) is shown in this figure.
(a) Schematic of the solar cell structure. @) characteristics of the solar cell under different
illumination intensities, from one full sun (100 mWAo as low as 1/32 sun (3.128N/cn). (c) Jsc
andVoc of the solar cell under different illumination intensitiesaXis values are expressed in log 10
scale. (d) Efficiency and fill factor under different illumination intensities. Data points are linearly fitted.
X-axis values are g@xessed in log 10 scale.

A solar simulator (Model 91160, Newport, 300 W, AM 1.5) is used to provide
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illumination to the solar cells with its output power adjusted to 100 m¥/Aetwich is
considered the intensity of one sun under normal conditions. A set of sunlight
attenuators is used to achieve different levels of illumination intensity. The first solar
cell sample under test is labeled as Group 1, of which the ZnO layetteregduat room
temperature (without purposefully heating the substrate during sputtering) with Ar flow
rate at 30 sccm and>@low rate at 10 sccm. Ameasuredi V characteristics of the
solar cell under 6 different illuminatn intensities are shown ingtire 29(b). At 100
mW/cn¥, the solar cell yields an op@ircuit voltage Yoc) of 0.7487 V, a shottircuit
current density Jsd of 0.7036 mA/cri, a fill factor of 0.3378 and an efficiency of
0.178%. When the illumination intensity is decreased to 3m\&Bcn?, the solar cell
yields aVoc of 0.5641 V, alsc of 0.0336 mA/cr, a fill factor of 0.3484 and an
efficiency of 0.212%. The values &foc and Jsc under different itensities are
summarized in Figure 2@) and the values of efficiency and fill factamder different
intensities are summarized in Figure (29, indicating that the efficiency of the solar
cell increases with lowering illumination intensities. This phenomenon could be
explained by its limited charge separation ability meaning that uadérgher
generation rate, the proportion of elecirbale pairs that can be separated by the
junction region is lower. In the following, the method to improve this ability will be

demonstrated and discussed.

The performance of Group 1 solar cell undeaiss at the illumination intensity of 25
mW/cn¥ (the rest of the measurements will all be done at this intensity) is subsequently
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tested. Before strain isdded, the solar cell yieldsJac of 0.2150 mA/cm, aVoc of
0.6823 V and an efficiency of 0.188%. After strain is applied (method shown in the
inset of Figire 30(a)), we dserve increases dacunder tesile strain and decreases in
Jscunder compressive strain (tensile strain is defined as positive and ssivpr&rain

is defined as negativeubtheVoc almost remains wifected, as is shown in tldéV
characteristics ifrigure 30(a). Specifically, thelsc experiences a 2.568% increase to
0.2205 mA/cm under 0.32% tensile strain and a 4.940% decreas@@dD mA/cni

under 0.32% compressive strain. Accordingly, the efficiency is increased by 3.456% to
0.194% under 0.32% tensile strain and is decreased by 2.432% to 0.183% under 0.32%
compressive strain (relevant data will be summarized iar€i83. SinceRF-sputtered

ZnO film is selftextured[86, 106, 107], the asymmetry of performance change by
loading opposite signs of strain clearly suggests that piezoelectricity plays a role in the
process. A model is presented in Figure(8) to explain the performance change. The
band structure for the strain free condition is shown iruf€ig80(b1). The lasic
processes for a solar cell to work are the generation of elebtitenpairs, separation

of electrori hole pairs and recombination of those carriers in external circuits. The step
of critical importance here is the elamirhole pair separation. Fdkc, its value is
directly related to the carrier collection probability. Qualitatively, a stronger-ibuilt
field in the junction region means a higher collection probability for the carriers and
vice versa. When external strain is applied to the ZnO ihin treating negative
polarization charges at the ZnGQP3HT interface, both the conduction and valence
bands in the junction region will be lifted up, weakening the strength of theirbuilt
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field. This could also be interpreted as ttmmtractionof the depletion region on the
P3HT side where most of the photogeneration happens. This letmsdiecrease of

Jsc. On the contrary, positive polarization charges created at the interface will lower the
conduction and valence bands in the junction regiomgtinening the buiin field.
Similarly, we can understand this as an expansion of the depletion region on the P3HT,
which leads to thencrease oflsc As for theVoc, its value is determined by the
difference between quaBermi levels of the foype andn-type semiconductor, which

is largely decidedby the illumination intensity. QuantitativelyocU (nkT/q)n(Jsd Jo)

(nis the ideality factorkT/qis the thermal voltage anld is the darkeversesaturated
curren), which means the changeJsc does affect the value &oc. However, sioe

d(Voo) U (nkTb/q)(d(XJ/Isd), (the value ohkT/gis on the order of 30 mV and the
value ofJsdJo is ~250 according to Figure ZB)), 1 mA/cnt change inlsconly leads

to approximately 1.2x10" V variation inVoc and can thus be considered negligible.
This explains why on thé& V characteristic of Figre 3da), the voltage stays mostly

unaffected by the strains.
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Figure 30:Group 1 solar cell performance under strains and the mechanism foippieronic effect.

(a) Jr V characteristics of Group 1 solar cell under strains at the illumination intensity of 25 miwW/cm
The inset shows the method to apply strain to the solar(bglSchematics explaining the mechanism

how piezephototronic effect tunes the solar cell performance. Red line represents the band structure
without strain. Blue line represents the tuned band structure with stia@p.shade area represents the
depldion region without strain. Blue and orange shade represent the depletion region when negative and
positive polarization charges were induced at the interface respectively.

Although the piezphototronic effect demonstrated for Group 1 sample can indeed
improve or degrade the solar cell performance, the amount of change is relatively small
and we need to look for methods to further improve this effect. As is shown by many
studieq106-109, the piezoelectricity in sputtered ZnO film arises from tais self
aligning among grains and one way to incegéspiezoelectric coefficient is to improve

the crystallinity by thermal processing. Thus in Group 2 sample, the ZnO is deposited
when the sample substrate is heated at 120 € during the whole sputtering process while
all other parameters are kept themsaas for Group 1. Xay Diffraction (XRD)
technique is used to analyze thespsittered ZnO and deteime the level of alignment.

As indicated in Figre 31(a), both samples have a diffraction peak @t B4£ |,
corresponding to the (0002) plane of Wurtzite¥(the plane that is responsible for the
piezoelectric property). It is clearly shown that the Groupn2péa, represented by the

red curve, has a higher level of alignment and thus a higher piezoelectric coefficient
compared to Group 1 sample, represertg the blue curve. Group 2 solar cell is
subsequently tested under different strain levels andi Mehaacteristics are plotted

in Figure31 (b). Under zero strain, thlcis 0.217 mA/cr, theVocis 0.683 V and the
efficiency is 0.18%. Inevitably, the electrical properties of Group 2 ZnO will be

different from Group 1 due to slight difference in factors like grain size but in general,
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the thermal processing can be considered to have little icBugmthe performance of

strain free solar cells. When strain is applied to the Group 2 device, we observe a much
higher level of change on the solar cell performance. Specifidallys increased by
9.96% to 0.239 mA/cAunder 0.32% tensile strain arsddecreased by 6.292% to 0.204
mA/cn? under 0.32% compressive strain. Accordingly, the efficiency is increased by
12.1% to 0.203% under 0.32% tensile strain and is decreased by 6.84% to 0.169% under
0.32% compressive strain (relevant data will be sumnthiiz&igure 33. Thus, by
comparing the measurement results from Group 1 and Group 2, it can be concluded that
thermal processing, which improves the crystallinity and piezoelectric strength of ZnO
film, is an effective method to enhance the piphototraics effect without degrading

the original performance of strafree solar cells.
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Figure 31:Effect of thermal processing on the strength of pigkototronic effect and the solar cell
performance. (a) XRD spectrum for Group 1 sample, in blue, and Group 2 sample, in @&d/ (b)
characteristics of Group 2 solar cell under strains at the illurnimattensity of 25 mw/cra

Different from conventional piezoelectric materials such as PZT, BaTiO3 which are
insulators, free charge carriers in piezoelectric semiconductors can always partially

screen the piezopotential, thus weakening the piezoelemiitiput. Therefore, in
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addition to improving crystallinity of ZnO, reducing the doping concentration will also
improve piezophototronic effect. However, compared to crystallinity which has little
impact on semiconducting properties if well controlled, adpest of doping level
almost certainly affects solar cell performance. It is sophisticated to tell whether the
doping level change lowers the solar cell performance, and if it does, whether the loss
could be compensated by the performance enhancememnigaaphototronics effect.

To answer the above question, several groups of samples will be studied below.

As many studies suggest1l0-112, the doping level of Zn@s closely related to the
atmosphere during sputtering and a lower partial pressure of oxygen will give rise to a
higher level of oxygen vacancies and therefore a higher doping level. ZnO layer of the
first sample under test in this section is sputteritd pure Ar at a flow rate of 40 sccm
under 120 € substrate heating, labeled as Group 3. ThenemsuredJiV
characteristics are shown in big 32(a). In strain free condition, the solar cell yields
aJscof 0.1176 mA/cm, aVoc of 0.374 V and an effieincy of 0.05%. When strain is
applied, we see a similar trend of performance tuning. Specifidadlis increased by
8.58% to 0.1277 mA/ctunder 0.32% tensile strain and is decreased by 9.50% to
0.1065 mA/crm under 0.32% compressive strain. Accordinglye efficiency is
increased by 9.3% to 0.056% under 0.32% tensile strain and is decreased by 8.53% to
0.047% under 0.32% compressive strain. For comparison purposeJi the
characteristics of Group 2 sample (30 sccm Ar, 10 scgraubstrate heated at 1290,

which was discuged above, is also shown in Figure(BR Then to further increase the
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oxygen partial pressure, ZnO of Group 4 is sputtered under 20 sccm of Ar and 20 sccm
of Op, heated at 120 €. Shown lilie Ji V characteristics in Figure 32), & zero strain,

the solar cell yields dsc of 0.2153 mA/cm, aVoc of 0.683 V and an efficiency of
0.17%. When 0.32% tensile strain is applidet is increased by 19.97% to 0.258
mA/cn? and efficiency is increased by 17.1% to 0.2%. When 0.32% compressiie

is applied,Jscis decreased by 11.2% to 0.191 mAfand efficiency is decreased by
9.16% to 0.155%. ZnO layer of the last group is sputtered under 10 sccm of Ar and 30
sccm of @, heated at 120 € and the solar célV characteristics are shown Figure

32(d). At zero strain, the solar cell yieldSsg of 0.2095 mA/cr, aVoc of 0.61 V and

an efficiency of 0.14%. When 0.32% tensile strain is appli&gs increased by 15.45%

to 0.24 mA/cm and efficiency is increased by 17.46% to 0.167%. When 0.32%
compressive strain is appliedsc is decreased by 12.52% to 0.1833 mAfcand
efficiency is decreased by 12.11% to 0.1248%. From the above results, we can see that
oxygen partial pressure duri@nO sputtering is positively related to the strength of
the piezophototronic effect. However, its impact on solar cell performance is rather

complex.
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Figure 32:Effect of sputtering atmosphere on the strength of ppmiotronic effect and the solar cell
performance. (a)i V characteristics of Group 3 solar cell under strains at the illumination intensity of 25
mW/cn¥. (b) Ji V characteristics of Group 2 solegll under strains at the illumination intensity of 25
mW/cn¥. (c) Ji V characteristics of Group 4 solar cell under strains atlithgination intensity of 25

mW/cn¥. (d) Ji V characteristics of Group 5 solar cell under strains at the illumination interisify
mW/cnt.

To fully analyze and better understand the above datd/oc, efficiency and fill factor

of all five groups of samples under 9 different istrstates are summarized in Figure

33 (a)i (d) respectively. At zero strain, Group 3 has the lowestVoc and efficiency

of all. This indicates that when ZnO is deposited under pure Ar, the doping level may
be excessively high and there is significant damage to the crystal, leading ttea shor
diffusion length, a higher recombination rate and a lower collection probghdig).

Group 1, 2 and 4 in the zero strain case have almost theJsamred Voc. However,
Group 1 enjoys the highest fill factor while Group 4 suffers the lowest fill factor, making
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Group 1 the most efficient solar cell under zero stréhe lowering of fill factor could

be explained by the increase of series resistgi® due to the heating of the sample

and a higher oxygen partial pressure during the sputtering process. However, the level
of series resistance has not yet affected the valug of these samples. ZnO of Group

5 is deposited under the highest oxygen partial pressure of 75%, leading to two effects.
The first one is a further increase in series resistance which is possibly responsible for
a lowerJsc compared to Group 1, 2 and 4.€lkecond one is a decrease in shunt
resistance that is reflected in its low&yc. This could be attributed to the phenomenon
that when an excessively high oxygen partial pressure is in presence during ZnO
sputtering, surface smoothness is drasticallyat#e114, 115, which leads to more
contact defects between ZnO and the smated P3HT. When strain is gradually
applied, Jsc and efficiency gradually increases under tensile strain and gradually
decreases under compressive strairafocases as a result of pigimtotronic effect.

On the other hand, the values\afc for all five groups stay relatively constant under
differert strains, reason of which has been explained above. Furthermore, the fill factor
is also stable over different strains, meaning the straining process does not impact the
series and shunt resistance to an observable extent. The hlgh&stachieved by
Group 3 under 0.32% tensile strain thanks to the strong-pieatotronic effect for this
sample. The highest efficiency, however, is achieved by Group 2 under 0.32% since it
has a higher fill factor as discussed above. To have a more sbrese#t of the stngth

of piezghototronic effect)scdata in Figure 38a) and efficiency data in Fige 33(c)

are linearly fitted for each group. Slope values for the fitted curves urd3dg(a) are
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2.20, 5.63, 3.47, 9.61 and 8.84 in the unit of mA/esstrain for Goup 15,
respectively, and slope values for fitted curves inf@@3c) are 1.63, 5.24, 1.47, 6.48

and 6.32 in the unit of %eff/%strain for Group5] respectively. fiese values are
compiled in Figure 33e). As expected, under the same atmosphere,pG2duas a
larger slope for botldsc and efficiency than Group 1 due to a bett@xcs alignment.

Under the same sputtering temperature the slopes of fitted curves increase with the
increase of oxygen partial pressure but is saturated somewhere betweanb?586

of oxygen patrtial pressure. It is worth noting that the crystallinity is not completely
independent of the sputtering atmosphere and an excessively high oxygen partial
pressure may lead to poorer grain alignmiit4, 116, consistent with our data
showing that the curve for Group 5 has slightly smaller slopes than that of Group 4.
Consequently, without taking into account of the stfeée solar cell performance, the

largest amount of performance improvement is achieved by the Group 4 sample.
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Figure 33:Summarization of important solar cell parameters for the five groups of samples. (a) Strain
Jscscattergram. Linear fitting is performed for each group. (b) Strafac scattergram. (c) Straih
efficiency scattergram. Linear fitting is performed foclegroup. (d) Straiin fill factor scattergram. (e)
Scattergram for the slopes of fitted curves 1in
this figure. (f) Specific symbols and colors are assigned to represent each group.

In summarythe piez@hototronic effect is demonstrated in the ZhEBHT solar cell
system, and we have detailedly studied the influence of crystallization and doping level
of ZnO on the strength of piegbototronic effect as well as the overall solar cell

performamre by testing and comparing five different groups of samples. Within our
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range of study, the highest efficiency is achieved by Group 2 solar cell (ZnO is sputtered
at 120 W, 6 mTorr, 30 sccm Ar, 10 sccm O2 and substrate heated to 120 €) under 0.32%
tensik stran. Further increasing the pigawototronic effect by using a higher oxygen
partial pressure will lead to poorer strdiiee solar cell performance which could not

be effectively compensated by the current range of simdunced enhancement.
(Howeve, more enhancement could be achieved by introducing a larger strain.) The
general principles and regularities provided in this study are universal and applicable
to all solar cell systems involving piezoelectric semiconductor materials and could
provide neaningful guidance on further increasing performances of commercial solar
cells based on CdTe, GaAs etc. and also spur the development of flexible solar cells for

smart applications in various situations.
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6. Conclusiors
Innovation on humamachine interfacing technologies is becoming increasingly
important for the realization of efficient, smart and multifunctional
electronic/optoelectronic systems. The piezotronic effect whikhbased on
piezoelectric semiconductors radtls and utilizeghe piezoelectric polarization field
/ chargego regulate electrdhole transport is a novel field of study for the interfacing
between electronidsoptoelectronics and mechanical stimulatidngiated in the year
of 2006, excitingorogresson demonstrating this effect for various applications based
on individual NWs have been reportddlue to the limitations of single NW device
architectures hte focus of my fiveyead® hD r esearch i n Dr. Zhong
has beeron studying piezotronic effect and devices based on ordered NWs array and
thin film materials for better fabrications capability and broader, more sophisticated
applicationsThree major aspects have been covered in my research:
1. Material synthesis: this part ofdlresearch is the basis for extending piezotronics
from single NW devices to NWs array and thin film devices. Ammonium hydroxide as
a precursor has been studied for the hydrothermal growth of ZnO NWs array which is
shown to provide benefits such as straegpdless ZnO nucleation and omere
freedom of engineering the growth process. ZnO thin films synthesized by RF
sputtering have also been analyzed in detail and the suitability of this type of material

for piezotronic applications has also been demonstrated.

2. Piezotronickeyond single M/ deviceswith the knowledge of how to appropriately
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synthesize ZnO NWs array and ZnO thin films, piezotronic devices based on these
materials have been successfully demonstrated. Integration of piezotronic strain sensing
units in a highly ordered mannkeas led to the realization of ulthagh density tactile
imaging devices, offering competitive advantages over traditional technologies based
on piezoresistive and fieldffect strain sensing. Simple structured thin film piezotronic
devices in complete cgmatibility with existing industrial production capabilities have

also been presented, showing the possibility of the commercialization of this young

field in the near future.

3. Performance modulation of optoelectronic devizgthe piezophototronic effe

this part of the research &so motivated byextending the demonstration of the
piezophototronic effect on individual NW based devices toward that on NWs array and
thin film based devicesPhotodetectors made of -fi / nZnO NWs array]
heterogeneoup-n junction and the ones made of [Au-ZnO thin film] Schottky
junction have both been studied and the performance optimizations by the
piezophototronic effect were demonstrated. Moreover, thin film solar cells constructed
by p-P3HT and ~ZnO were alsstudied and optimized energy harvesting efficiency

was achieved by modulating material properties.
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Figure 34: Schematics showing that with piezoelectric semiconductors as the material foundation, the
field of piezoelectricity, electronics, photonics artgemistry can be actively linked together, which then

can give rise to a large number of significant applications.

In summary, this dissertation presents systematic study of the synthesis of ZnO NWs
array and thin films as well as the implementation of the piezotronic and
piezophototronic effects basedthesematerials foiscalable device/system fabrication

and novel applications. The smarbupling of piezoelectricity and the electron/hole
transport procesgives rise to a brand new mechanism of meid@mterfacing with
electrons, holes, photons and sa @®he authols PhD researcinakes meaningful
progresgowardextending this field of research from single NW deviced\tés array

and thin film devicesBy going down this route, there is every reason to believe that
the effect of piezotronics will eventually succeed as a revolutionary interfacing
mechanismas described in Figure 34vhich contributes to the future generations of

electranic, optoelectroniand othemultifunctionalsystems.
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