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Abstract

In this work, we aim to establish a theoretical method for modelling dynamic characteristics of
piezotronics and piezo-phototronic d

ic taking the simplest piezotronic device—PN
junction as an example, we combine thésgmall signal model and the unified approach to
investigate its diffusion capacitanc \ahﬁcon ctance when it is under both low and high
frequency external compressiye, stresses. alis approach is different from the traditional
considerations that treat the piezo\% as a static value. Furthermore, we expand the theory

into piezo-phototronic devi Ng t emitting diode (LED). The dynamic recombination

rate and light emitting intensi e quantitatively calculated under different frequencies of
external compressive stresses.

£
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£

ergjﬁg physical effects namely piezotronics and piezo-phototronics have been rapidly

Two
:i.gvel ed'in recent years '. From the invention of single ZnO (zinc oxide) nanowire generator
to the demonstration of piezoelectricity in single-layer MoS; °, from the observation of the
upling between piezoelectricity and photoexcitation in ZnO nanowires * to the successful
applications of using piezopotential in active optoelectronics, such as luminescence devices for

789 10,11’ and

adaptive sensing °, LEDs array for pressure imaging ®, photodetectors ’ ® °, solar cells
energy conversion 2, these two phenomena have been evolving toward more attractive research
fields, bringing great potential in the development of wearable electronics, robotics, the IOT
(internet of things), biomedical engineering and human-machine interfacing ' '* '> ', The

piezotronic effect of nanodevices has been thoroughly experimented using various
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methodologies'’. These achievements could not have been reached without understanding the
fundamental physics behind the experimental observations. So far the theory of piezotronics
and piezo-phototronics is based on the semi-analytical abrupt junction model '¥. The first
principle simulations of piezotronic transistors have been conducted, which was based on the
width changing of the piezoelectrically charged area '°. In our previous work *°, a quantum

piezotronics. Meanwhile, numerical simulations using the DFT (density/function theory) and

scattering model was employed for investigating the ballistic carr? transportation in

FEM (finite element method) have also been conducted to investigate the devieg interfaces and

carriers modulation on piezotronics 2' *2. These theoretical devel
23 24

ment§ have Satisfactorily
helped understand the existing experimental works

So far only the static characteristics of the devices ha b‘e)l """‘S-i-E‘lu ted, in which the

piezopotential was treated as a static value corresponding.to atic compressive or tensile

stress. In terms of dynamic investigation, models for pi

otronic§an piezo-phototronics have
not been reported. The dynamic analysis for piezotrenic and,pieze-phototronic devices under a

dynamic external force at a high frequency is usua essen&ial in research and development of
n

piezotronic and piezo-phototronic devices. For example, inseferences ® * | authors fabricated

an array of LEDs to detect a dynamic pressure by it‘t-i'ﬁg optical light based on the piezo-
phototronic effect, where the impact of ﬁ%ﬁ; ency of the exerted pressure is important.
Moreover, the quantitative dynamic efféct: the piezopotential on the carriers generation,
recombination and transportation are not clear %, although these terms are qualitatively used in

explaining the experimental works ’S ~

In this work, we develop a,nove mic model for piezotronics and piezo-phototronics to
investigate quantitatively Mdynamic stress affects the carriers generation and
recombination processes, and towexplore the dynamic light-emitting mechanism in piezo-
phototronic LEDs.
trying to construct a

eu e most basic piezotronic device — a PN junction in the analysis,
eral model for peizotronic devices subject to dynamic external forces.
External forces at byth low and high frequencies are considered using a small-signal model
together with the iﬁeg/approach 2. Furthermore, we calculate the dynamic recombination
rate and 1141{\%:;; ate in piezotronic and piezo-phototronic LEDs, providing a thorough

of ‘the dynamic process of carriers under the piezopotential. The work

under nB?g
complements existing theories for piezotronics and piezo-phototronics ' ',

£
;‘\ ic tj{eory
Schematically shown in Figure 1, the structure studied here is a typical PN junction with the n-
eca made by ZnO. Due to the piezoelectricity of ZnO, piezoelectric charges will be

cumulated at the two ends of the n-area of the PN junction when a compressed or tensile
ﬁce is applied. The width of the distributed piezoelectric charges is denoted by W,., taking
x=0 at the interface of P and N region. The PN junction is assumed to be metallurgical. The
depletion widths on the N and P regions are represented by W, and W, respectively. V. is the
forward applied bias. First, we consider the case when Vg is off and only a static compressive
force is applied to one end of the N region. The electrical filed across the depletion region of
the PN junction can be easily derived, which are given by following equations (1-3).
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E(x) = ——eNA(z“LW”),—Wp <x<0 1))
S

E( ) - _ ND(Wn_x):sz(sz x)] 0<x< Vsz (2)

E(X)z_w,%SxSwn (3)

Es

where e is the elementary charge, N4 and Np are donor and acceptor concentrations respectively.

& 1s the permittivity of the ZnO. p, is the density of polarization char

as one of the material properties, which is defined as number of ez@ctrica generated
charges per unit volume. It is assumed as a constant for a given m resenting the ability

it umer The density of
pl‘r‘.;sive strain is applied and is

negative when a tensile strain is applied. As the electrical figld £ is continuous at the

of accommodating piezoelectrically generated charges pe

polarization charges p,. at the junction is positive when a ¢
metallurgical junction (x=0), by setting x=0 in equations,(1) andSZ), ¢ have
NaW,=NpWy+p Wy Q 4)

By integrating equations (1), (2) and (3), thepotentia (x) in depletion regions [-W, 0], [0 W]
and [W,, W,] of the PN junction can be de it is known as the built-in potential:

Ppi (NAW + PpWpz (5)
Combining equations (4) with (5), t L tential can be rewritten as:
Qp; = _(NAWZ i 2 vazz 2N AWy ppzWp2 + P;zzszZz) (6)
Np Np

3. When time-variant compressive stress applied.
Now we assume thefe 1s asgompressive stress varying as a sinusoidal function applied to the
right end of ZnOyf.e.

=FotEsin(wt), where Fy are F'; represent amplitudes of the stress. w is

Ws e cross-sectional area, a constant for nanowire devices) varies. Hence
the same way as the external applied stress. Only W,. is varying with the same

a$ £, the static built-in potential is then replaced by

N, p z .
N, + ﬁ) W2 + (ppz L )( 20 = 2Wy0Wpzisinwt + Wk sinwt) —

20 — szlsinwt)> @)

here szo is the width of piezoelectric charge region when only Fy is added, and W,.; is the
width of piezoelectric charge region corresponding to F';. The equation (7) can be rewritten to
@pi () = ¢1 + ¢; — c3sinwt + ¢4sinwt 8)
by taking:

2 2
e 2 e NiWp e ppz e ZNgWyppy
¢ =—NWs/f+—-——F ¢, =— W2 —W
1725, AP T oee Np 0 2T 26 Ppz + pz0 T 5 Np pz0

©)
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Pzz
C3 =2L;.s'(ppz +L)'2szowpzl —— W,

2
e sz) 2
sy = (p, + 22\ W
Np 26, Np pzl> “4 = 5 (ppz Np pz1l

(10)

To have a clear picture of the dynamic built-in potential, we have calculated the ¢, in Figure 2.
The parameters are taken as: N4=1x10'® cm™, Np=1x10" cm™, £=8.91, W,.=2x10” cm and

W,./=2x10® cm. In determining p,. we have used the relation: e33s33=ep,. Wyeo in which es;=1.22
C m? and 53;3=0.05% '® %, The frequency of dynamical compressive orc;}ﬂﬁl as 1 KHz.

From Figure 2, it is seen that the built-in potential varies with time with an approximate

sinusoidal pattern. Moreover, we have shown the energy ba ing under different
% 11t is seen that the
e aceordingly. It should be noted

letion region also changes

compressive stains in Figure 3. The stains are changing from 0

piezoelectric potential and the built-in potential ¢,; both incr
that due to the change of piezoelectric potential, the width,o
mainly from the change of n-region. 3

Based on the above results, we will consider the c£&whm&the PN junction is forward biased
and applied a varied compressive stress at the samg time & e followed section. Admittance is
the most important index in dynamic analysis of the PN junction. Therefore, we will study the

small signal admittance brought by the varying pigzoelectrical charges generated by the time-
varying compressive stress F. s\
3.1 Low Frequency---small sing }l'ogel

Under the condition of therimal-equi

concentration in the n- part,of théjungtion and majority carrier concentration on the p-side is

given by:
Y]
where, @9 is origina potential without applying any force and voltage, p. is hole
concentration e junction, p,o is the hole concentration in p-side, k is Boltzmann
constant an{ i ermg( temperature. When the V. is applied to the junction, the thermal-
equilibriuin is
—e((Pbio—Vdc)) (12)

kT

writ :
ﬂ
—e(c1+cy—czsinwt+casin?wt—Vgc)
Pn = PpoeXp(————— ) (13)
ﬁ
w ~

vSlnere we have taken equation (8) into consideration. The equation (13) can be further
simplified as:
Vdc’+171(t)—172(t))

pr(x =0) = DPpo €Xp <e( KT ) =pn(0,1) (14)

where V. =Vae-ci-ca, vi(t) =cssinwt and va(t) =casin’wt. If we assume Va. =V -psio, the equation

(14) can be rewritten as:

Pn(0,6) = pa"exp(L2220)y (1 4 OO (15)
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where pa. =puoexp(eVa: 1kT), kT/e=V,, equation (11) and Taylor expansion of the exponential
term have been applied, and |vi(2)- v2(2)|<<V; have been assumed. Equation (15) will be taken
as the boundary condition. Due to c,<<c; in PN junction, the v»(¢) will be ignored in the
following analysis.

The electric field in the neutral # region is assumed to be zero. Thus, the behavior of the excess
minority carriers (holes) that flow from p region can be described by:

02(8py)  Opn 6P /
Dp&_L=_p (16)

Ox Tpo at

Since the AC voltage that comes from the time-varying component @f the built-in potential can
be seen to superimpose on the DC level, we can write the dp=dpof)+pi€"’, where p; is
magnitude of the AC component of the excess concentrations ituting“dop, into equation
(16), according to a standard small signal analysis for the DC component of

the holes diffusion current density can be given by:
_ eDypno evg.'y
Jpo = =t [exp (55) - 1] ()

where L,=D,t,0 and C,*=(1+jw1,0)/ Ly%, 7y is tl‘&hole ifetime. This only represents the
situation at x=0. The current density phasor b&es@ idal component of the diffusion

current density is given by: \

T 1 E —CpX

Jo = eDyCy [plhe ()] e =& (18)
The equation (18) can be further written as:

. _ 7, \

Jo = Jpo THj0Tp (2) - (19)

v,
where J=eD,pa- . Likewise, wNe ive the current density phasor for minority carrier

45 givgn by:

jn =]n0\/ 7 'C‘)Tpo (Vt (20)
Combining equations*(19) and (20), the PN junction admittance can be derived, that is

(electrons) in p region, whi

:{Z = (52) lpoy TFJ0Tp0 + Inoy/ T j@To] @1)

If the AC $ignakinduced by dynamic compressive stress is not large, i.e.  7,0<<1 and @ 7,0<<1
(o is ignored as 7 approximates to 107 s). The equation (21) can be written as: Y=g +jwCu,
where g C, are diffusion conductance and diffusion capacitance, respectively. Specifically,

g (1/V(Lporthug) and Ca=(1/2V)(Lpo TpotIno Tuo).-

The equivalent circuit diagram of the studied PN junction is shown in Figure 4, where dynamic

mp‘r§ssive forces are applied. Generally, the Cy is replaced by a series of piezoelectric

iffusion capacitors, i.e. Cpig, Cpaz, Cpaz... It is true that all the periodic dynamic external forces
:§plied can be expressed via Fourier expansion with each sinusoidal term leading to one-to-
one corresponding diffusion capacitors. C; is junction capacitance, 74 is resistor of the PN
junction, and 7, represents the resistor of the external circuit. /p is the external current. Based
on the above analysis, the admittance ¥ under a dynamic force with the frequency varying in [1
Hz, 1 KHz] is numerically calculated, where g; and C, are approximately to be 16.8 Q and 2.97
nF, respectively, shown in Figure 5. Figure 5 shows the admittance Y (from the equation (21))
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when the device is under the stress at low frequency. It illustrates how the admittance is formed
by conductance g; and diffusion capacitance C; induced by the external stress. As Y is a
complex number, we only show few points in the figure. The unit of gg is 1/Q. Under the small
signal model, the dynamic compressive force introduces DC components ¢; and ¢; which
modulate the external voltage V., therefore changing the currents 7,9 and /9, which are closely
related to Y.

To see how the external compressive stress affects the current outpu Wevaculated the
case when V=1V and w=10Hz with other parameters unchanged. THe re@t is shown in Figure

6. It is seen that an AC output with the same frequency as the extetnal compressive stress when

there is only V. applied, which means that the external stress late*the current output

of the device and acts as an alternating voltage source. The DC output component is indicated
in Figure 6. It should be noted that this DC component igdiffer
by V. In other words, the external stress not only adds the AC asm nent but also modulates

the DC component. C

3.2 High Frequency

with the one provided only

For high frequency external forces, we emiploy t utrﬁed approach *’ for analyzing the
dynamic characteristics. When the compreﬁsﬁv\em ce i8 applied at a high frequency, the excess
carrier concentration in the » region is en.qkted to be a more general form:

8P (6, 1) = Yoo P (1) €' (22)
Inserting above expression into equ T(?#M) nsidering the orthogonality of harmonics, the
general solutions for dp.u(z) an%k(fKechs carrier concentrations of holes in » region and

electrons in p region when the ex voltage is applied) can be derived:

x—Wn - x=Wn
pk L )+ Cpk exp (Apk Iy ) (23)

_ kwty
Qi L b= (24)

When the(ic ess of the neutral part of the PN junction is much larger than the width of the
depleti n,? dr>>Wy, the Cy) in equation (23) should be 0 so that ReA,,=ay,« can be satisfied.

C;'k in equation (23) can be found by applying conventional injection boundary
W, O=pugf(t), in which f{t)=exp(gv(2)/kT)-1 with W(£)=pac +vi(H)-va(f). Then Cpy,

is g1 by/
1 i
§ Gk =noFi, Fe =5 7, f(D)e " dwt (25)
ubstituting f{t) into Fy, it arrives:
Fo = Io(BV.) exp(BVy) — 1; Fy = F_, = L (BV-)exp(BV}) (26)

where in equation (26) the modified Bessel functions have been introduced, which is defined
by:

I,(BV.) = %f;eﬁlcos‘“tcoskwtdwt. 27)
In equations (26) and (27), f=e/kT, V_ represents the amplitude of the time-varying signal that

6
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is created by time varied compressive stress. Taking equations (23-27) together into
consideration, the dp,(x,?) is finally given by:

[es) —Wn i
8pn(x, 1) = Ppo 2% Fi exp(—Api xT)elkwt (28)
Likewise, the excess carrier of electron in p region also can be derived, which is given by:

81y (X, t) = Npo X %0 Fi exp(Ang %)eik“’t / (29)
3 (30)

Based on the reference ?/, the dynamic characteristics of #he PNijunction, i.e. dynamic
conductance g, and diffusion capacitance C, for the P*N typ&junction are

T~
—
1+ /1+ 22
= DA 9ao(Vo) &3

The current flowing through the junction is then given by:
aény

_ 98pn
J(© = —aD, 22 n i, 4

P ax ly=

A+qD
Wy 4

Ja(w, V) = ——" 0 (1)

V2 L(BV-) C

‘)
Ca(w, V) = pv_, 40 Vo - (32)
\j1+ /1+wzr§ \l\

where gdo(Vo) :Z/Tpcdo(Vo) :Jsexp(ﬂ Vo k
assumed to be a much smaller value in o

this work, the Vo=Vu and V.=c3, with ¢4
ase. By setting k=0, we have DC current Jy from
equation (30). It is noted that the dy }"7 ca:n ressive force affects the Jy as well as dynamic
part of overall external current:

‘@C current Jo under compressive forces with different
amplitudes, indicated by differentinitial piezoelectric charge width W,.; shown in Figure 8, to
reveal that the stati cuﬁashanges with the applied dynamic compressive force. As seen in

Numerically, we have inve

Figure 8, Vg is't the range of [0, 1.3V], however, due to the dynamic built-in potential
introducing other DG voltage terms, i.e. ¢1 and ¢, the actual voltage applied V. is changing

with diffe?\t compressive forces. Specifically, the J-V curve shifts due to various
a

piezoelect .CWC
D

Subseq vy, we have calculated the dynamic characteristics, i.e. diffusion capacitance C, and
diffusion condyctance Gy shown in Figure 9. As the C; and Gy are closely related to the
cy (ﬁp) of dynamic compressive force, we then vary the w, in a higher range [1x107,
lxlolgt reveal the frequency dependence of C; and Gg. As different dynamic compressive

depletion width.

rces cause different initial stains &y, it is obvious that Gy increases with w, and sensitive to the
initial dynamic compressive strain. The C; on the other hand decreases sharply at the lower
rSmge of w, and saturates as @, becomes higher. It is sensitive to the initial dynamic compressive
strain. In contrast to the static case, we have derived the relation between the diffusion
capacitance and the dynamic external stress. By analysing the diffusion capacitance, the
dynamic characteristics of piezoelectric device can be obtained. The equations of the diffusion
capacitance for the stresses with low and high frequencies are described respectively. For high
frequency stresses, both dynamic conductance g; and diffusion capacitance C, vary with the

7
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external frequency w, (shown in Figure 9), while they are regarded as constants under low
frequency stresses.

4. Dynamic analysis of recombination process in piezotronics and piezo-phototronics

The piezopotential affects the recombination process happening in the depletion region, and the
recombination process subsequently affects the carriers transportation and electron-photon
interactions in piezotronics and piezo-phototronics. Therefore, understandinégixe mechanism of the
recombination subject to the piezotronic effect is essential. In the PN junetion studied in previous
sections with one of its n-part made by the ZnO, the recombinatio pr@ss happening in the

depletion region is mainly attributed to the defect assisted bullé and “surface recombination-

generation process, which is given by:

CnCpNe(np—nf)
Crn(n+n")+Cp(p+p")

‘)‘"--.. (33)

—
By taking n=miexp((Em-Ep)/kT) and p=niexp((Es-Ep)/kT) )\ the receinbination rate R in depletion

region when the device is applied by a compressive force can‘be caleulated. The calculation results

are shown in Figure 10. It is seen that the R has a peak at the.interface of PN junction, and the peak

increases as the compressive strain increases. The pgsition of the maximum R shifts slightly to the
right when the compressive strain is increased Dynamically, we have also calculated the maximum
R subject to dynamic compressive force witlﬁ%n\fr uencies /' (f=1 Hz and f=10 Hz) in Figure
11. When there is a dynamic compressiv owertain frequency is applied, the recombination

rate R is dynamically varying with the same pattern as the applied force. The calculation provides a

quantitative analyzing method on the '%t on

e recombination and transportation process due
S

to the piezotronic effect.

In a typical PN junction, the Wd-bias current is the sum of recombination and the diffusion

current. Therefore, different exte compressive stresses will lead to the different recombination

rates, and in turn m ulaﬁhﬁthle total current as well as the light emitting intensity in piezotronic
i how

e dynamic compressive force modulates the light emitting intensity

conducted the following analysis.

e treat the dotted box as the active region in which light emitting and

As shown( igure 7,
recom na%l are happening and related. In this region, the rate equation of carriers (holes) can be
29130,

modéle
/ ——%— [A(® —p) + B(p® = p?) + Cp(®* — p})] (34)

where 4 1svcoefficient of defect assisted recombination. B and C are the coefficients of radiative

comSnation-generation and Auger recombination, respectively. p; is intrinsic electron

ncentration. #; is the fraction of the total current that is due to the recombination in the active
;iion. V4 1s the volume of the active region. / is the total current flowing through the external circuit
in forward bias direction. Taking the parameters as: 4=1x107, B=1x10", C=5x10?°, N,=1x10"7/cm?,
Np=1x10"/cm?, initial piezoelectric stain £=0.02/100, and by fixing /=0.1 A, we have calculated
the number of photons emitted per second in V,. The result is shown in Figure 12, where six different
frequencies of dynamic compressive forces are studied. The light emitting in piezotronics devices
is closely related to the dynamic force applied.
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Conclusion

To conclude, dynamic built-in potential is induced in the piezotronic PN junction when a dynamic
compressive stress is applied. The dynamic built-in potential contributes both DC and AC parts
together with the applied external voltage, which can modulate current-voltage characteristics,
threshold, diffusion capacitance and conductance. The work has thoroughly investigated these
dynamic characteristics under external compressive stresses at both low and High frequencies based
on the small signal model and unified approach, respectively. The results are self-consistent and
provide a general procedure for treating dynamic phenomenon of piezofronics. The piezotronic PN
junction is the fundamental element of the piezo-phototronic LEDs, The 'work has quantitatively
calculated the dynamic recombination rate and light emitting intensity. Unlike the previous work,
this work presents detailed results assisting in understanding4iow the piezo-potential affects the

dynamic process of carriers in the piezo-phototronic LEDs,
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Figure 1."Schematic diagram of the piezotronics effect: a typical PN junction with N

rt made by ZnO.

—
igure 2. Calculation of dynamic built-in potential when there is a dynamic
compressed force applied with frequency w,=1 KHz.

igure 3. Energy bands of the studied PN junction under different strains. From red to
green, strains are 0.002, 0.005, 0.008 and 0.01.
Figure 4. General equivalent circuit diagram of the studied PN Junction under small
signal assumption.
Figure 5. Admittance calculation when the device is under an external compressed
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force with frequency varying in [1 Hz, 1 KHz]

Figure 6. Current density calculation when the external compressive stress is at
w=10Hz.

Figure 7. Minority carriers (holes) concentration changes after diffusing into # region
with dynamic compressed force applied. Red box indicates the active region for light
emitting in piezophototronics.

Figure 8. Static current—voltage calculation of the PN junction whefi dynamic
compressive force is applied. Three compressive forces with different litudes are
discussed.
Figure 9. Diffusion conductance (a) and diffusion capacitanée (b
dynamic compressive strains are calculated.

Figure 10. Recombination rated R changes with differ s;am.

Figure 11. Dynamic recombination rate when there is.dyn '(;?fnpressive force
with frequencies 1 Hz and 10 Hz respectively.
Figure 12. Photons emitted per second in actixﬁgio hen dynamic compressive

bject to different

force with different frequencies (f/=100Hz, >=300Hz,.,£;=500Hz, f=700Hz,

f5=900Hz, f6=1200Hz) applied. P
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