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ABSTRACT: With enhancements in the performance of optoelectronic devices, the field of piezo-phototronics has
attracted much attention, and several theoretical works have been reported based on semiclassical models. At present, the
feature size of optoelectronic devices are rapidly shrinking toward several tens of nanometers, which results in the quantum
confinement effect. Starting from the basic piezoelectricity equation, Schrodinger equation, Poisson equation, and Fermi’s
golden rule, a self-consistent theoretical model is proposed to study the piezo-phototronic effect in the framework of
perturbation theory in quantum mechanics. The validity and universality of this model are well-proven with
photoluminescence measurements in a single GaN/InGaN quantum well and multiple GaN/InGaN quantum wells. This
study provides important insight into the working principle of nanoscale piezo-phototronic devices as well as guidance for
the future device design.
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he piezo-phototronic effect, known as a three-way
coupling of piezoelectric polarization,"” semiconductor
properties, and optical excitation,” has been demon-
strated to improve the function and performance of
optoelectronic devices, such as improvement of light emission
efficiency in light-emitting diodes (LEDs)," responsivity
enhancement of photodetectors,” efficiency optimization of
optical fiber-based solar cells,’ and a self-powered pressure—
sensor matrix.” Behind the fundamental physics of the piezo-
phototronic effect, several theoretical analyses and numerical
simulations have been performed, including one-dimensional
analytical modeling in p—n junction-based lighting diodes® and
two-dimensional simulation considering device geometry,” to
provide reasonable explanations for the experiments.
As driven by Moore’s law, the dimension of optoelectronic
devices'® and the piezo-phototronic device are rapidly shrinking
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toward nanometer scale and the fundamental effect arising from
the quantum mechanics becomes increasingly important.’
Various new devices based on quantum effects, such as
molecular electronic devices,'? spin logic devices,"® and two-
dimensional devices,"*"*
performances of optoelectronic devices. The coupling between
the optoelectronic effect and the quantum effect has exhibited
potential prospects for some significant scientific interests'® and
promising applications,'” which would become an important
research direction of next-generation piezotronic/piezo-photo-
tronic devices. However, previous theoretical works of the
piezo-phototronic effect are limited to the semiclassical model,

emerge and greatly enhance the
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that is, the first-order linear approximation between optical
power and injected current density.'® The quantization of
energy levels and the confinement of carriers’ wave functions
were not considered among these theoretical works; therefore,
it was not possible to study the optical transition process in the
piezo-phototronic devices with the quantum structure.

In this paper, a fundamental theoretical framework of the
piezo-phototronic effect in the quantum well structure is
presented with the combination of perturbation theory in
quantum mechanics'” and piezo-phototronic effect. With this
methodology, we utilize the self-consistent numerical model to
analyze the piezo-phototronic effect in single InGaN/GaN
quantum well (SQW) and dual InGaN/GaN quantum wells
(DQWs) and provide many important understandings,
including the band structure, electron/hole wave function,
wave function overlap, and optical transition intensity.
Furthermore, accompanied by numerical calculations, photo-
luminescence (PL) measurements in a SQW and DQWs are
conducted to effectively prove the validity and universality of
our model. This theoretical work establishes the physical model
for understanding the piezo-phototronic effect in the view of
quantum effects and provides guidance for future device design.

As shown in Figure la, the framework of the piezo-
phototronic effect at the nanoscale can be summarized as the
coupling among the theory of semiconductors, piezoelectricity,
photoexcitation, and quantum effect. From the perspective of
perturbation theory, the piezo-phototronic effect on the optical
transition process in the QWs can be described by four critical
processes: (i) piezoelectric field that results from the external/
internal strain; (ii) opposite shift of the wave function of
electrons and holes under a polar field; (iii) redistribution of
free carriers and spatial change of the energy band by the
electrostatic potential; and (iv) optical interband transition.
Their governing equations are listed below.

(1) Constitutive Equation of Piezoelectricity.”® For the
general theory of piezoelectricity and elasticity, the relation
between strain/stress, piezoelectric polarization, and electric
field can be written as

% = Cpqfy ~ upbr
Di = eing + KikEk (1)

where 0, is the stress tensor, ¢, the strain, E; the electric field,
and D; the electric displacement. The coefficients c,, e, and K
are the linear elastic constant, piezoelectric coefficient, and
dielectric constant, respectively.

(2) Schrodinger Equation. The Schrodinger equation is
introduced to solve the wave function of electrons and holes in
the quantum structures:

2

- h*sz/n+ V=Ew

2m, 2)

where 7 represents the reduced Planck constant, m} electron
effective mass, V the potential function, y, the nth state wave
function, with its associated nth state energy level E,.

(3) Poisson Equation. The Poisson equation relates the
electrostatic potential with spatial charge distribution and it is
written as

KV = —p + VB, (©)

where ¢ is the potential distribution and p is the net charge
which is a nonlinear function of the potential:

p(@) = [p(p) + n(p) + N, — N, (4)

p and n denote the mobile carrier density of holes and
electrons, Nj, and N are totally ionized donor and acceptor
densities. P, denotes the total polarization vector that is
composed of spontaneous polarization Py, and strain-induced
piezoelectric polarization P

By =PF, + P, (5)
(4) Fermi’s Golden Rule. Based on the perturbation

theory, the general formalism of optical interband transition can

be represented by Fermi’s golden rule, and it is expressed as

R= %ﬂ D Ky Hly, )P5(E, - E, + ho)
n#Em

+25 3 Wy H_y )PS(E,, — E, — ho)
h n#m ! " (6)

According to the perturbation theory, the Hamiltonian for
quantum mechanical system is H = Hy + H,e™™ + H_¢™™,
where H,, denotes the initial Hamiltonian and a time-dependent
perturbation is described by {H,e™" + H_e"}. In eq 6, the
transition rate between the initial state y,, with an energy level
E,, to the final state y, with an energy level E, is denoted by R.

To analyze the piezo-phototronic effect in the QWs, as the
first step, the formula of piezoelectric polarization and built-in
electric field produced by external/internal strain should be
derived. In our work, wurtzite materials grown in the polar
[0001] direction are considered. For the Cq, symmetry of the
wurtzite structure, the coefficients c,,, e, and k; in eq 1 can be
written as”'

[c;; ¢ ¢35 0 O 0 i
¢p e a3 0 0 0
Gz a3 63 0 0 0
=0 0 0 ¢ 0 0
0 0 0 0 ¢y 0
0 0 0 o (e — 1)
i 2 (72)
[0 0 0 0 ¢ 0
e, =0 0 0 ¢5 00
[e31 €31 €53 0 0 0 (7b)
[k, 0 0
Kik = 0 Kll 0
| 0 0 1 (7¢)

For ease of labeling, the coordinate system x—y axis is parallel
to the growth surface of the QW and the z axis is along the
polar direction [0001]. In many cases, the external strain is

applied along the c axis,”” then 0.y and o,,, can be obtained as
follows:
axx,v = (Cll,v + CIZ,V)gxx,v + C13,v€zz,v (Sa)
Gzz,v = 2C13,v8xx,v + C33,vgzz,v + p (Sb)
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Figure 1. Schematic diagram of the mechanism for a piezo-phototronic effect in the quantum well. (a) Multifield coupling effect among the

theory of semiconductors, piezoelectricity, photoexcitation, and quantum

effects. (b) Schematic of the typical atomic structure of the wurtzite

unit cell and corresponding band structure (blue and yellow spheres correspond to the anion and cation atoms, respectively). Schematic
potential profile and electron/hole wave function distribution (c) without and (d) with piezoelectric polarization induced by external stress

along the c axis.

where the index o,, , indices are “w” for the well and “b” for the
barrier. P denotes the pressure caused by external strain. Due to

the free expansion along the z axis,”* the condition Cpy =0
leads to the following relationship between €., and ¢,
e = 2G5, p
2z X%,V
G, Ciz (9a)
and
4sL, — 4y
exx,u =
a, (9b)

where ag; is the in-plane lattice constant of the barrier for v =w
and the well for v = b. Finally, the electric field E, , in the well
and barrier layers can be derived according to the condition of
potential continuity at the interface:**

__ pint ext
Ez,v - Ez,w + PEz,w (103)
where
C
int __ 13,b
E =Ly Py + 2] e — = €3 [Ed — Ppw
33,b
C
13w
-2 e31,w - e33,w Exx,w /(LbKW + Lwa)
C33,w

(10b)

f3w _ f33pb
Lb ( Cazw Cisp )
Eet — ) )
v L L
bKw + wKb (IOC)

In eq 10a, the symbols EXy, and EZ,

W

represent the electric field
induced by the lattice mismatch between the interfaces and
external strain, respectively. Widths of the wells and barriers are
indicated by L,, and L, respectively. The electric field in the
barrier can be obtained just by changing indices w to b from eq
10a to eq 10c.

Substituting eqs 10a—10c into eq 2 as the second step, the
wave function of electrons and related energy level can be
solved from the Schrédinger—Poisson equations. Specifically,
the potential function V in eq 2 can be derived as V = —q¢ +
AE, where AE,_ represents the band offset and ¢ denotes the
electrostatic potential calculated by the Poisson equation. This
method can also be used to solve the wave function and
corresponding energy level for holes by changing the m} and
AE, to the hole effective mass mjf and band offset AE,.

Finally, with the distribution of the wave functions of the
electrons and holes, the optical transition intensity W, which is
proportional to radiative recombination rate R, can be derived
from eq 6. Considering the confinement along the [0001]
direction and properties of Bloch functions in the Q_Ws,25 eq 6,
as the general formula of Fermi’s golden rule, can be further
developed into the explicit formula with parabolic dispersion
approximation near the extremum of the energy band*® and
expansion by a Gaussian line shape function:”’
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2C
W= TO I (1P, -nl*)

/ d’*k fcm(k“)[l _f\:l(k”)](é’/Zﬂ)
(2n)* (E" — E! — ho)* + (£/2)* (11a)

In eq 11a, W describes the optical transition intensity related to
mth state in the conduction band and nth state in the valence
band. Here, the script ¢ and v represent the conduction and
valence bands, respectively; (IP_,-nl*) is the average value of the
squared momentum matrix element; f. and f, represent the
Fermi—Dirac distribution function in the conduction and
valence bands, respectively; L is the QW width; k; is the
wavevector perpendicular to the ¢ axis; { is the line width due
to the scattering, and I'};" is the electron—hole wave function
overlap integral:

r = [aul @ e (i)

and the coefficient

7‘nw

Co= —1
Kk heimg (11c)

where 7 is the refractive index in the QWs, mj represents the
electron rest mass, and ¢ and k, are the velocity of light and
permittivity in the free space, respectively.

In eq 11a, we notice that the integral term over kj related to
the quantum-confined energy level and squared momentum
matrix element |P,,-nl*, which represents the product between
momentum of carriers and photon, is determined by the
physical parameters of the QWs and polar direction of injected
light beam. Generally, eqs 11a—11c describe a linear relation-
ship between the optical transition intensity W and overlap of
electron—hole wave function overlap I'%".

To provide qualitative understanding how the piezo-
phototronic effect tunes the optical transition process, the
schematic of energy band diagrams is shown in Figure 1c,d.
When the QWs are released from the strain (Figure 1c), the
wave functions of electrons and holes are symmetrically
distributed along the z axis, and the corresponding shadow
area, which represents the wave function overlap integral of
electron—hole pairs in the real space, reaches the maximum
when the band remains flat. Under the tensile or compressive
straining condition (Figure 1d), the positive/negative piezo-
charges accumulate at the left/right side and they induce a
linear tilt of the band in the QWs. Then the wave functions of
electrons and holes are separated in opposite directions in the
tilt band, which reduces the wave function overlap to a lower
radiative recombination rate.

A self-consistent numerical calculation is performed using the
finite difference method within the effective mass approx-
imation.”® Equations 8—10 give the distribution of external
strain qualitatively; however, the strain distribution was much
more complex than the uniaxial/biaxial strain model in practice.
In our work, the strain distribution of GaN/InGaN nanopillars
was simulated by a finite element method (discussed in the
Supporting Information). We focus on the energies of the
interband transition under the normal low-power excitation;
thus, only the lowest sub-band states and energy levels for
electrons and holes are taken into account during the
calculation. The calculations are conducted to present the
optical transition in arbitrary GaN/InGaN SQWs and DQWs.
In this case, to ensure accuracy in comparison between

experiments and calculations, these GaN/InGaN QWs were
etched to nanopillars to release the internal strain induced by
the lattice mismatch and enhance the piezo-phototronic effect.
The detailed calculation parameters for wurtzite GaN and InN
are listed in Table 1, and for the corresponding In,Ga, N
ternary alloys, the parameters are calculated with the linear
interpolation of Vegard’s law.””

Table 1. Value List of Physical Parameters for Wurtzite GaN
and InN Calculated in This Work

parameters GaN InN refs

lattice constant (nm)

a 0.319 0.355 30

c 0.519 0.570 30
energy parameters at 300 K

E, (eV) 3437 0.641 30

mg/mqy 0.20 0.07 30

Myn/ Mgy 1.56 127 31

e/g, 10.40 15.30 32
elastic stiffness constants (GPa)

Cy 390 223 30

Ch 145 115 30

Cs 106 ) 30

Css 398 224 30
piezoelectric constant (C/m?*)

€3 —0.49 -0.57 33

e 0.73 097 33

P, —0.029 —0.032 33

sp

To obtain a self-consistent solution of basic equations, an
iteration between the Schrodinger—Poisson equation system is
conducted by a three-point finite difference method.”* During
the self-consistent calculation, the conduction/valence band
offset ratio, which describes the details of conduction/valence
band alignment, takes the common value of 7:339% A grid
spacing as small as 1 X 107" m along the z axis and the
convergent criteria for the electrostatic potential is set to be
0.1% to ensure the iteration convergence and stability of our
calculation.

RESULTS AND DISCUSSION

For explicit analysis of the piezo-phototronic effect in the QWs,
the self-consistent calculation based on the SQW of the GaN/
Iny,sGay,sN nanopillar structure was conducted, and the
results are demonstrated in Figure 2a—c. In Figure 2a, with an
external strain applied on the SQW, piezo-charges are induced
at two ends of GaN barrier and interfaces between GaN and
Iny,5GaysN. For the profile of piezo-charges in our model, it
should be noted that, unlike the condition of Ilattice-
mismatched piezoelectric polarization whose strain direction
is opposite of each other at the GaN/In,Ga,_,N interfaces, the
external strain dominates invariably across the well and barriers,
which results in partial compensation at the interfaces. For
details in the diagram, the piezo-charge (marked by a black
line) is up to +0.01 C/m? at two ends with a compressive strain
of —0.4%. The +0.01 and +0.012 C/m? (marked by blue and
yellow dotted lines) accumulate at the interfaces of GaN and
Ing,5Gag 5N sides, respectively, with the remnant piezo-charges
of 0.002 C/m? at the interfaces.

With the effect of a piezoelectric polarization-induced electric
field, the energy band diagram and corresponding overlap of
electron and hole wave functions are shown in Figure 2b,c,
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Figure 2. Schematic diagram of the piezo-phototronic effect in a GaN/In,,;Ga,,sN single quantum well. (a) Profile of piezo-charges at the
interface with external compressive strain of 0.4%. The black solid lines correspond to the net piezo-charges, and the piezo-charges produced
by barriers (green) and wells (yellow) are represented by dotted lines. (b) Self-consistent energy band and wave function distribution in an
Iny,5Gay,sN/GaN single quantum well from top to bottom. (c) Electron—hole wave function overlap as a function of compressive strain from
0 to 0.4%.
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Figure 3. Schematic diagram of piezo-phototronic effect on GaN/In,,sGay ;5N (Ing;3Gag5,N) dual quantum well. (a) Profile of piezo-charges
at the interface with external compressive strain of 0.4%. The black solid lines correspond to the net piezo-charges, and the piezo-charges
produced by barriers (green) and wells (yellow) are represented by dotted lines. (b) Self-consistent energy band and wave function
distribution on the GaN/Ing,5Gag,sN (Ing;5Gagg,N) dual quantum well from top to bottom. (c) Electron—hole wave function overlap as a
function of compressive strain from 0 to 0.4%.

respectively. As can be easily seen, in the release condition, the nearly flat for the GaN/Ing,sGay,sN nanopillar structure,
conduction and valence bands of the SQW are perceived to be although with weak spontaneous polarization, and the wave
E DOI: 10.1021/acsnano.6b00417
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Figure 4. Comparison of the measured PL spectrum with the self-consistent numerical calculations. (a) Schematic diagram of the PL
experiment inset with a SEM image of the GaN/InGaN sample. (b,c) Numerical PL spectrum data based on our self-consistent model (solid
lines) and measured PL spectrum in the experiment (squares, circles, and triangles) under different compressive strains.

functions of the electron/hole are symmetrical with respect to
the SQW ¢ axis. Under this condition, in Figure 2¢, we notice
that the wave functions of the electrons and holes are effectively
overlapped, and the overlap integral of normalized wave
functions is close to 1, which results in a high optical transition
and emission efficiency. Under the compressive strain of
—0.4%, the electric field of 0.6 MV/cm along the ¢ axis is
induced by piezo-charges and the band bending occurs with
unsymmetrical distribution of the wave functions of the
electrons/holes. As shown in Figure 2¢, with compressive
strains from 0.0 to —0.4% in the SQW, the piezoelectric electric
field increases and linearly decreases the overlap integral from 1
to 0.5, and it can be attributed to the enhanced separation of
the wave functions of electrons and holes in the opposite
direction.

Besides the SQW structure, the multiquantum wells have
been widely used in solid lighting, displays, and visible light
communication.”” To verify the universality of our model, an
asymmetric DQW of the GaN/Ing,sGay;sN (Ing;3Gagg,N)
nanopillar structure is also calculated, and corresponding
numerical results are given in Figure 3a—c. Figure 3a shows
the piezo-charge distributions in the complex DQWs of GaN/
Ing,5GagsN (Ing15Gagg,N). In Figure 3b, the conduction band
and valence band are both tilted by the strain-induced
piezoelectric field. Different from the SQW, a pair of ground
states for electrons and holes exist in the DQWs of
Iny,sGagy,sN and Ing,3Gagg,N. It can also be noticed that the
variation of hole wave functions with respect to the
piezoelectric electric field is more sensitive than electron
wave functions and can be attributed to the effective mass of
holes being larger than that of electrons.*® In Figure 3¢, the
overlap integral for the wave functions of the electrons and
holes in the DQWs gradually decreases with compressive strain,
and the variation value of the Ing,sGag,sN well is slightly

higher than that of the SQW (Figure 2c). The slight difference
between Ing,sGay,sN and Ing;3Gagg,N results from various
compounds in the well, and we will talk about it in detail in the
following section.

For comparison with the numerical results, PL. measurements
under various compressive strains are employed, and the sketch
of the experiment is shown in Figure 4a. The sample of the
GaN/InGaN nanopillar is fixed by a jig with a jackscrew
pinning at the back of the plate. Manipulated by the motion
controller, the jackscrew can be screwed forward perpendicular
to the GaN/InGaN sample, and compressive strain is induced
along the ¢ axis direction due to the in-plane expansion along
the GaN/InGaN sample. An ultraviolet laser with an excitation
wavelength of 325 nm is illuminated from the top, and a
charge-coupled device (CCD) was used to detect light
intensity. The GaN/InGaN QW nanopillar array on a ¢ plane
sapphire substrate was obtained with a basic lithography
etching technique, and a relevant scanning electron microscope
(SEM) image is displayed in the inset of Figure 4a. Comparison
between the PL spectra and results of self-consistent
calculations are shown in Figure 4b,c. For the case of the
SQW (Figure 4b), we found an excellent agreement between
the theoretical spectra and measured PL spectra. With the c-
axial strains from 0.0 to —0.4%, the maximum of normalized PL
intensity decreases from 1 to almost 0.5 due to the spatial
separation of the wave function of the electrons and holes. For
the DQW sample (Figure 4c), the theoretical spectra and the
measured PL spectra are fitted quite well near 425 and 510 nm,
which corresponds to the emission peak of Inj;3Gayg,N and
Iny,5Gay,sN, respectively. Some tiny deviations between
theoretical and measured PL spectra appear around 470—490
nm, and the reason can be attributed to the overestimation of
the phonon effect to enhance the coupling of quantum states
when we take the perturbation theory to describe the quasi-
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Figure S. Electron—hole wave function overlap dependency of (a) various widths of well, (b) indium content, and (c) donor concentrations in

the single GaN/In,,5Gay7sN QW.

steady-state emission.”” Furthermore, the statistical bias that
results from the rough meshing near the band tails is also a
possible reason.

Next, we then controlled the parameters related to the device
structure such as quantum well size, content, and dopant and
studied the optimization of the quantum piezo-phototronic
effect based on our model.

As a key parameter to modulate the quantum-confined
energy level in the QWs, the effect of quantum well width was
studied. As shown in Figure Sa, when the width of well varies
from 2.0 to 4.0 nm, and the variation of wave functions with
respect to strain I'y'/& was quite enhanced and was caused by
the greater magnitude of piezopotential, which is proportional
to the well width. During the design and fabrication of light-
emitting diodes, a certain wavelength of lighting diode is mainly
determined by the indium content in the well. Figure Sb shows
the wave function overlap curves under different strain
conditions with various indium contents. When the indium
content increases from 0.15 to 0.30, I'}"/e tends to slightly
increase. When the indium content increases, based on the
linear interpolation of Vegard’s law, the larger piezoelectric
coefficient of In,Ga;_ N is obtained, which induces more
remnant piezo-charges at the interfaces. This conclusion is
consistent with the former results obtained in Figure 3c. The
green gap is a significant issue in group III nitride
optoelectronic devices, and thus we should pay more attention
to the higher strain responsivity in the high indium content
QWs.

Besides the quantum well width and magnitude of the
compound, the effect of the carrier screening effect is also an
essential factor for the piezo-phototronic performance
especially for carrier density at n = 2 X 10" cm™ and higher.*’
In Figure Sc, it is noticed that when the strain increases from 0
to —0.4%, the wave function overlap decreases from 1 to 0.5
without doping and from 1 to 0.9 under the doping
concentration of 6 X 10'® cm™. It suggests that the influence
of the quantum piezo-phototronic effect will be greatly
diminished with high doping, and a relatively lower free carrier
concentration is desired for the optimization of quantum piezo-
phototronic effect in the QWs.

CONCLUSION

In summary, we have presented the theoretical framework for a
piezo-phototronic effect from the point of perturbation theory
in quantum mechanics. The general governing equations are
introduced for illustrating the physical mechanism of piezo-
phototronics in a quantum structure, and the calculation results

provide a comprehensive understanding of the piezo-photo-
tronic effect on the optical interband process. The good
agreements between the PL experiments and self-consistent
calculation in the SQW and DQWs of GaN/InGaN support a
quantitative evaluation and verification of numerical results
expected from the theory. Using this methodology, we also
studied the effect of structure parameters on the optical
transition process, and strategy was provided for optimization
of piezo-phototronic devices. Our work not only presents the
physical insights into piezo-phototronic effect in the quantum
structure but also provides the theoretical support to guide the
future design of piezo-phototronic devices.

EXPERIMENTAL METHODS

The InGaN/GaN SQW and DQW structures were grown on [0001]-
oriented sapphire substrates by metal—organic chemical vapor
deposition. The gallium, indium, and nitrogen sources were
trimethylgallium, triethylgallium, trimethylindium, and ammonia. We
used silane and biscyclopentadienyl magnesium as n-type and p-type
dopants, respectively. The SQW and DQW nanopillar arrays were
obtained with a basic lithography etching technique. A 200 nm thick
silica film was first deposited, followed by a spin-coated 2 um thick
photoresist (ARU 4030). The low-damage dry etching of GaN-based
thin film by inductively coupled plasma was conducted for 8 min, and
silica residue was removed by diluted hydrochloric acid for S min. PL
measurements of GaN/InGaN SQW and MQW samples were
measured at room temperature by LabRam HR Evolution with a
beam spot size of 1 ym.
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