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Intersubband transition in ZnO/MgZnO quantum well has been exploited for infrared and terahertz optoelectronic
applications due to its large band offset and fascinating material properties. Here, we theoretically demonstrate piezo-
phototronic effect as another way to control the intersubband absorption wavelength through quantum-confined Stark ef-
fect. The intersubband optical absorption properties under different stresses are obtained by solving the eight-band & - p
Hamiltonian and coupled Schrodinger—Poisson equations self-consistently. By combining stress control and quantum well
structure, the absorption wavelength can show infrared blueshift or redshift phenomena in a wide range. This work can
provide an effective avenue to control and utilize quantum-confined Stark effect in intersubband infrared absorption and
promote the relative potential optoelectronic devices.
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1. Introduction

ZnO is a typical wide-band-gap semiconductor with large
exciton binding energy (~ 60 meV) which plays an essen-
tial role in optoelectronic devices such as ultraviolet lasers
and light-emission diodes.!'~>! Ternary alloy MgZnO shows a
band gap varying from 3.3 eV to 7.8 eV controlled by dop-
ing and temperature.!®”] Besides, ZnO and MgZnO semi-
conductors can form quantum well structure with good lat-
tice mismatch, which has potential for quantum well laser
applications.®! Large conduction band offset (~ 1.0 eV) be-
tween MgZnO and ZnO allows for intersubband optical tran-
sitions in ZnO-based quantum wells operating over a wide
spectrum range.'%°! ZnO/MgZnO quantum well was firstly
achieved intersubband transition in experiment by Ohtani in
2009.1"%" The infrared absorption wavelength ranges from
3.3 um to 4.3 um for ZnO/MgZnO quantum well with 40%
Mg composition by varying the quantum well width.!!!) The
intersubband absorption wavelength is tunable depending on
the doping, temperature and quantum well structure.'!%1?! Be-
sides, decreasing barrier thickness leads to weakened built-in
electric field in the well layer, resulting in shorter interband
emission wavelength.!'?l As a result, changing the internal
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electric field provides an effective method to control the opti-
cal absorption properties through the quantum-confined Stark
effect.

Both ZnO and MgZnO are wurtzite materials with piezo-
electric property. The influence of spontaneous polariza-
tion and strain-induced piezoelectric polarization can intro-
duce a strong electric field (~ MV/cm) across the quantum
well layer.!'3-15] Then, the density of two-dimensional elec-
tron gas (2DEG) localized at the interface can reach up to
1013 cm~2.11617] By increasing the well thickness, the ex-
citonic transition energy decreases and shows a redshift in
ZnO quantum wells due to the quantum-confined Stark ef-
fect caused by the weakened internal electric field.[!8-2!]
Benefiting from the piezotronic and piezo-phototronic effects
widely applied in piezoelectric semiconductors, one can uti-
lize the stress-induced polarized electric field to control the
electric and optical properties through the coupling of piezo-

(22,23

electricity, photoexcitation and semiconductor. I For ex-

ample, the externally applied pressure can cause the red-
shift of intersubband absorption wavelength from 1.6 um to

24

2.2 um in GaN/AIN wurtzite quantum wells.”?*! The max-

imum of normalized photoluminescence intensity decreases
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from 1 to 0.5 when applying —0.4% strain along c axis in In-

(251 Compared with GaN quantum

GaN/GaN quantum wells.
well, ZnO/MgZnO quantum well has larger exciton binding
energy which is beneficial for the realization of room temper-
ature exciton effect and optoelectronic applications. > How-
ever, externally stress-induced piezo-phototronic effect is less
studied in ZnO/MgZnO quantum well although it is a suitable
platform for intersubband transition with strong piezoelectric
property.

In this work, we conduct theoretical study towards inter-
subband optical absorption in ZnO/MgZnO quantum wells un-
der stress-induced piezoelectric polarization field. Through
self-consistently solving the coupled Schrodinger—Poisson
equations from eight-band k - p Hamiltonian, the conduction
band potential profile and intersubband optical absorption
properties are obtained under various stresses. Stress can in-
crease the internal built-in electric field in the quantum well
structure and cause a blueshift or redshift of absorption wave-
length depending on the well structure. We also explicitly
study the influence of stress and quantum well structure (well
and barrier thickness) on the intersubband optical absorp-
tion. This work not only discusses the piezo-phototronic effect
on intersubband optical absorption in ZnO/MgZnO quantum
wells, but also provides another guidance to design optoelec-
tronic devices based on quantum well structure.

2. Wurtzite ZnO/MgZnO quantum well struc-
ture

ZnO/MgZnO quantum well can be grown by plasma-
assisted molecular beam epitaxy (PAMBE) or pulsed laser de-

27281 A single quantum well con-

position (PLD) technique.!
sists of one ZnO well layer and two MgZnO barrier layers
and ZnO layer is sandwiched between two MgZnO layers to
drive intersubband transition, as shown in Fig. 1(a). For the
natural case, spontaneous polarization and piezoelectric polar-
ization can produce a strong built-in electric field across the
well layer (see the left of Fig. 1(a)). This phenomenon has
been widely revealed in ZnO/MgZnO and other quantum well

(21.29.301 A5 a consequence of built-in electric field,

structures.
the conduction band potential profile shows an incline and free
electrons are trapped as shown in the right of Fig. 1(a). The
arrow indicates a typical intersubband optical transition from
ground state e; to first excited state e when a suitable light
with specific wavelength is incident. Here, we only focus on
the transition from e; to e; due to their high oscillator strength
under selection rules. Hydrostatic pressure is a commonly
used way in experiment to supply pressure and further induce
strain in ZnO/MgZnO quantum well structure. 33?1 When an
external stress is applied on the quantum well along ¢ axis,
stress-induced piezoelectric polarization charges are localized
at the interface as shown in the left of Fig. 1(b). As aresult, the

built-in electric field will be further enhanced by piezoelectric
field as shown in the right of Fig. 1(b), leading to the increased
intersubband transition energy between two confined states, e

and e;.

(a) MgZnO N MgZnO
MgZnO {(—I W
MgZno Free electrons

Stress

MgZnO

ZnO E
1 O

(b) '

®$©®$@

Fig. 1. Schematic diagram of ZnO/MgZnO quantum well and conduction
band potential profile (a) without stress, and (b) with stress. e; and e, are
ground state and first excited state, respectively. Intersubband transition oc-
curs between e and e; states under specific incident light. Green line shows
the case after stress is applied.

In the following, we will first introduce the basic theory
used in this study and then discuss the relevant results.

3. Basic theory and model

In polar quantum wells, polarized electric field exists in
the well and barrier layers due to spontaneous polarization
PP and piezoelectric polarization PP*. Piezoelectric polariza-
tion depends on the endured strain PP* = e - s, where e is the
tensor of piezoelectric constant and s is the vector of strain.
And strain comes from lattice mismatch as well as externally
applied stress in heterostructure system. For wurtzite quan-
tum well grown along c-axis direction, the lattice-mismatched
strain is obtained from sy = s,y = (a—dsub) /Asub, Szz =
—25,,C13/C33, where a and ag, are lattice constants of quan-
tum well material and substrate, Ci3 and Cs33 are elastic

coefficients. 3334

1 Additionally, strain introduced by exter-
nally applied stress can be deduced according to the strain—
stress relationship o = C' - s, where o is the stress vector
and C is the tensor of elastic coefficient. Once obtaining
the total polarization in quantum well, we can get the built-
in electric field in well and barrier following the condition
dyEy + dwEy, = 0, with thickness d}, and electric field E;, for
barrier layer, dy, and E,, for well layer. [33-3%]

To get subband levels and wavefunctions for the quan-
tum well system, we need to start from one-dimensional (1D)

Schrodinger equation which is given as

[H(2) +V ()] ¥ (2) = En (), (D

where V (z) = —q@ (z) + Vex is the total potential energy, ¢ (z)
is the built-in electric potential, and Ve is the exchange—
correlation potential®’! and H (z) is the Hamiltonian of ZnO
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and MgZnO. For obtaining higher accurate solutions, eight-
band k - p Hamiltonian accounting for band nonparabolicity is

adopted here. 38401
The 1D Poisson equation for the quantum well to get po-
tential distribution can be denoted as*!!
dD(z
P _ o () (o], @

where the displacement field D (z) = Piotal — &€0d ¢/ dz, Potal
is the total polarization including piezoelectric polarization
and spontaneous polarization, & and & are relative and vac-
uum permittivity, ¢ is the built-in electrostatic potential, g is
electron charge, Np is the ionized donor density and n is free
electron density. The free electron density n is associated with
energy level and wavefunction of quantized subbands from the

relationship 3!

1@ =Y 1l Q) 3

m=1

where y,, is the wave function of the m-th subband, n,,
is two-dimensional (2D) density of state which is given by
nm = [ fin (ky, ky) dkydk,, where k, and k, are 2D wave vec-
tor. f,, = [1+exp((E, — Eg)/kT)]~"! is Fermi-Dirac function,
where E,, is the energy level of the m-th subband, Ef is the
Fermi energy, k is the Boltzmann constant, and 7 is temper-
ature. The Fermi energy is obtained from charge neutrality
condition [ [Np (z) —n(z)] dz=0, which is integrated over sin-
gle quantum well.

After the needed initial parameters are prepared, the
Schrodinger equation is solved under periodic boundary con-
ditions with a trial potential to obtain the subband energies and
wavefunctions. Fermi energy is calculated with charge neu-
trality condition over one period of the quantum well. Then,
subband populations and exchange—correlation potential are
obtained based on subband energies, wavefunctions and Fermi
energy. The Poisson equation is solved under proper bound-
ary conditions to get the potential energy caused by polariza-
tion field and doping. Finally, exchange—correlation potential
and potential energy are used to update the initial trial poten-
tial. The above procedure is repeated until the convergence is
achieved and the detailed self-consistent process can be found
in Ref. [36].

After a self-consistent iteration process of the coupled
Schrodinger equation and Poisson equation, the absorption co-

efficient of intersubband optical transition is given as!34-36-42]

o= % y Z/|Mm,,<k=0)|2

m=1n=1

kdk
H7
where @ is the incident radiation angular frequency, M and
N are the numbers of initial and final subbands during in-

X [fin(k) = fu(k)|g (AEyn, h) “4)

tersubband transition, A is a frequency-independent constant

A=¢’n/ (nrceom%dw) where n; is the refractive index, c is
the velocity of light and my is the rest mass of an electron, g
is the Lorentzian function, 7 is the reduced Planck constant,
AE,,, = E,, — E, is the transition energy between the n-th state
(E,) and the m-th state (Ep,), My, = w (W |zl W) s
the momentum matrix element, m;, is electron effective mass
along c-axis direction.

4. Results and discussion

For demonstrating piezo-phototronic effect on intersub-
band optical absorption in ZnO/ MgZnO quantum well, we
take an experimentally commonly-used ZnO/Mgg 23Zng 770
quantum well structure consisting of ZnO layer dy, = 2.0 nm
and Mg »3Zng 770 layer dp = 3.3 nm.[?”*3] For simplicity,
Mg .23Zng 770 is simplified to MgZnO without explicit men-
tion. ZnO is n-doped with the concentration Np = 10'° cm ™3
and Mg »3Zng 770 is unintentionally doped. The temperature
is fixed at T = 18 K in order to compare with experiments. [>7]
Previous studies have revealed that temperature fluctuations
have less impact on piezotronic effect and intersubband ab-
sorption wavelength is relatively stable under temperature
fluctuations. [44—7]

Figure 2(a) illustrates conduction band potential profiles
of single ZnO/MgZnO quantum well under externally applied
stress varying from O to 20 GPa. The potential at right inter-
face is set as reference point to compare the potential change
for clarity. As it can be seen, the built-in electric field is en-
hanced with increasing stress and the band offset is also in-
fluenced by stress. The potential profile is heavily inclined
in the whole quantum well due to the spontaneous polariza-
tion and lattice-misfit-induced piezoelectric polarization with-
out external stress. The initial built-in electric fields are around
2.7 MV/cm and 1.6 MV/cm in the well and barrier layer, re-
spectively (see Fig. 2(b)). The electric field increases linearly
in the opposite direction as a function of increasing stress.

Such enhanced electric field can bring in quantum-
confined Stark effect for intersubband optical absorption as
shown in Fig. 2(c).[*¥%1 The absorption spectrum is located
in infrared region close to 3.0 um without stress, which is in
good agreement with experimental measurements.!!%?71 As it
can be seen, the absorption spectra exhibit a blueshift with in-
creasing stress. The absorption wavelength is shifted to around
2.9 pm under 20-GPa stress. This phenomenon can be well
understood because the increasing built-in electric field en-
hances quantum confinement of quantum well which is simi-
lar to the reduction of ZnO well thickness.!'*7>% Figure 2(d)
plots the absorption wavelength decreased from 3.02 pum to
2.91 um with increasing stress. Compared with intersubband
absorption modulation methods, such as electric field modu-
lation and structural parameter modulation, pressure-induced
piezo-phototronic effect can precisely and continuously con-

trol the absorption wavelength.[2431:32:31]
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Fig. 2. (a) Stress-dependent potential profiles in single ZnO/MgZnO quantum well. (b) Stress-dependent polarization field in well and barrier
layer. (c) Absorption spectrum under different stresses, and (d) absorption wavelength versus stress. The quantum well consists of 2.0-nm ZnO
and 3.3-nm MgZnO, n-doping 1 x 10'® ¢cm? in ZnO layer. Temperature is fixed at T = 18 K.
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Fig. 3. (a) Absorption wavelength versus stress under different well thick-
nesses dy, and barrier thickness is fixed at d, = 3.3 nm. (b) Contour plot of ab-
sorption wavelength as a function of stress and well thickness (d, = 3.3 nm).

Since the built-in electric field in polar quantum wells is

[1021.52] here we

also dependent on the thickness of well layer,
also conduct systematic study about the influence of quan-
tum well structure on intersubband optical absorption (well
and barrier thickness). Figure 3(a) displays the absorption
wavelength as a function of stress at different well thicknesses
(1.0 nm, 1.5 nm, 2.0 nm, 2.5 nm and 3.0 nm) with a fixed bar-
rier thickness d,, = 3.3 nm. When the well thickness is small,

such as 1.0 nm and 1.5 nm, the absorption wavelength shows

redshift with increasing stress instead of blueshift as discussed
before. This is because the well thickness is too small to con-
fine the first excited energy level and applied stress have more
impact on ground state rather than first excited state, leading
to redshift.’!] Otherwise, the first excited state is confined
into the quantum well when the quantum confinement effect
is weakened by large well thickness, stress-induced piezo-
phototronic effect can enhance the built-in electric field and
lead to the blueshift of absorption wavelength. If we contin-
ually change the well thickness in a small step, we can find
out the critical well thickness to confine the first excited state
as shown in Fig. 3(b). This critical well thickness is around
1.9 nm as indicated by the dotted line. When the well thick-
ness is larger than 1.9 nm, the intersubband absorption wave-
length shows a blueshift with increasing stress.

Figure 4(a) plots the intersubband absorption wavelength
as a function of applied stress for different barrier thicknesses
(3.0 nm, 3.5 nm, 4.0 nm, 4.5 nm, and 5.0 nm) at a fixed well
thickness dy, = 2.0 nm. As we can see, barrier thickness can
also affect the dependence of absorption wavelength on stress.
The absorption wavelength slightly increases with increasing
barrier thickness because the adopted well thickness is small,
as observed in GaN/AIN multiple quantum wells. >3] Applied
stress can lead to the blueshift for absorption wavelength when
the barrier thickness is small. While for large barrier thickness
(like 5.0 nm), the absorption wavelength slightly decreases and
then increases versus stress. This may be caused by the large
quantum confinement effect and only ground state is trapped
into the quantum well under large stress. Figure 4(b) shows
the impact of both barrier thickness and external stress on the
absorption wavelength. The influence of barrier thickness on
absorption wavelength is less than that of well thickness. And
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stress can control the absorption wavelength in a wide range
at small barrier thickness.

= 3.1
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Fig. 4. (a) Absorption wavelength versus stress under different barrier
thicknesses d}, and well thickness is fixed at dy = 2.0 nm. (b) Contour
plot of absorption wavelength as a function of stress and barrier thickness
(dw = 2.0 nm).

5. Conclusion

We theoretically studied the impact of piezo-phototronic
effect on intersubband optical absorption in ZnO/MgZnO
quantum well structure. Using eight-band & - p method and
self-consistent solution of coupled Schrédinger—Poisson equa-
tions, the band profile and intersubband transition spectra are
obtained under various external stresses.
that external stress has significant impact on intersubband op-
tical absorption wavelength. Furthermore, we simultaneously
change quantum well structure and external stress to inves-
tigate their effects on intersubband optical absorption wave-
length in quantum well. This work not only vividly illustrates
the piezo-phototronic effect on intersubband optical absorp-
tion in ZnO/MgZnO quantum well, but also sheds a new light
on ways to continuously regulate the optical absorption wave-
length in quantum well devices.

The results show
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