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Piezo-phototronic effect has been used to control intersubband optical absorption of GaN-based 

step quantum well. By employing the self-consistent method of eight-band kp Hamiltonian and 

Poisson equation, potential profile, absorption spectrum and quantum efficiency are investigated 

in far-infrared range. Depending on alloy component fraction in AlGaN barrier layer, externally 

applied strain can effective control absorption peak in Terahertz wavelength. Piezo-phototronic 

effect provides an effective way for continuously modulate Terahertz photoelectronic devices. 
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Abstract 

Piezo-phototronic effect is unique for effectively controlling semiconductor and photonic 

properties by strain-induced piezoelectric field. In this work, we theoretically explore 

piezo-phototronic effect on intersubband optical absorption of wurtzite-structured 

AlGaN/GaN quantum well by self-consistently solving eight-band kp Hamiltonian and 

Poisson equations. Intersubband transition is associated with the transition of two electronic 

states so it has longer wavelength due to lower transition energy. Strain can also effectively 

increase absorption wavelength in Al0.15Ga0.85N/GaN/Al0.05Ga0.95N quantum well by quantum 

Stark effect. For Al0.1Ga0.9N/GaN/Al0.05Ga0.95N quantum well, absorption wavelength 

decreases with increasing strain. Quantum efficiency can be sensitively controlled by strain. 

This study not only provides the theory models of piezo-phototronics of intersubband 
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transition, but also offers the method for continuously controlling terahertz application by 

piezo-phototronic effect. 

Keywords: Piezo-phototronic effect, GaN quantum well, intersubband transition, terahertz 

photodetector 

 

1. Introduction 

Piezotronics and piezo-phototronics with the coupling of piezoelectric, semiconductor, 

and photonic exciton properties in noncentrosymmetric semiconductor materials have 

received increasing attentions in internet of things and self-powered technology [1-3]. By 

tuning carrier’s generation, recombination and transport, strain-induced piezo-charges play an 

important role for various high-performance and low-power nanodevices, such as solar cells 

[4], light-emitting diodes [5], and piezoelectric field-effect transistors [6]. Piezo-phototronic 

devices have high perfomance and high sensitivity [1, 7, 8]. In addition, piezoelectric field at 

interface of heterostructure devices can drive a topological phase transition of quantum 

materials from normal insulator to topological insulator by piezo-phototronic effect [9-11]. 

Piezotronic and piezo-phototronic effect on quantum materials maybe provide a new way to 

design ultrahigh performance device, such as topological insulators and spin-transistor 

devices [12, 13].  

Piezo-phototronics involves the process of carrier’s generation and recombination which 

can be controlled by strain-induced piezopotential at the junction region of nanostructured 

devices [14]. Third generation semiconductors such as ZnO and GaN have a wide band gap 

over 2.0 eV which greatly limits the optical applications of using piezo-charges on 

nanojunction regions [15-17]. Previous works had studied piezo-phototronic effect on near 

infrared range (1.0 μm to 5 μm) [18, 19]. It is important to investigate piezo-phototronic 

effect on long wavelength applications such as mid-infrared, long wavelength infrared and 

far-infrared range. For piezo-phototronic devices with the transition between conduction and 

valence band, the transition energy is greater than the band gap [2, 20].  

Quantum well infrared photodetector has novel properties, which depend on 

intersubband (ISB) transitions. ISB transition devices have large oscillator strengths [21] and 
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the wide wavelength ranges [22, 23], and exhibit excellent functionality and versatility from 

III-V semiconductor alloy to two-dimensional semiconductors [24]. Quantum efficiency of 

ISB transition devices can be improved by piezo-phototronic effect. Additionally, quantum 

well ISB transitions relieve material limitations of diffusive interfaces and lattice-matched 

growth requirement [24], holding appealing potential in photodetectors and quantum cascade 

laster for infrared and terahertz wavelength range. 

ISB transition is another important transition process that occurs between two 

conduction or valence bands [21]. ISB transition has received wide applications in infrared 

photoelectric devices such as infrared laser, infrared photodetectors and infrared 

phototransistors [25-28]. ISB electroluminescence had been observed in silicon-based 

quantum well [29]. In AlInAs/GaInAs quantum well, ISB infrared absorption have observed 

the existence of electronic bound states with energies higher than the barrier height [30].  

Terahertz signals can be generated by ISB transition, which have typical wavelength 

longer than 30 μm or energy lower than 41 meV. Terahertz has wide applications in secure 

communications, genetic diagnostics, cancer detections, and cellular scale imaging [31-33]. 

Quantum cascade laser is typically used for manipulating terahertz signals [34, 35]. Terahertz 

signal can be modulated by quantum well parameters, such as well width, temperature and 

doping [36-38]. Although gating voltage is convenient approach to continuously control the 

wavelength of terahertz devices, the supplied electric field is only in the order of kV/cm 

which can not modulate the wavelength in a wide range [39-41].   

To manipulate the terahertz devices, strong electric field is key factor. Piezoelectric 

semiconductors, such as GaN and AlN, are good candidates to provide strong electric field by 

externally applied strain. Piezoelectric field reach up to 10 MV/cm in GaN/InN quantum well, 

which can drive a topological phase transition from normal insulator to topological insulator 

[42]. In this work, we provide an effective method for controlling terahertz devices by 

strain-induced piezo-charges in the AlGaN/GaN step quantum well. Two typical quantum 

well structures with different barrier material have been studied with externally applied strain. 

Potential distribution of quantum well, ISB transition energy and transition intensity can be 

effectively controlled by external applied strain. As a result, absorption spectrum changes in 
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terahertz range with various strain, which is piezo-phototronic effect on optical absorption 

performance enhancement in quantum devices.  

 

2. Piezoelectric Field on GaN/AlGaN quantum well 

III-V nitrides, such as GaN, AlN and InN have excellent piezoelectric properties for the 

wurtzite structure. Different from those common semiconductors including GaAs, AlAs and 

InAs, a sizable electric field resides in the heterojunction material under no externally applied 

voltage due to the presence of spontaneous and piezoelectric polarization. As a typical 

example, we focus on the AlGaN/ GaN quantum well structure for demonstrating its 

characteristics in the terahertz wavelength, as seen in Figure 1(a). Here, we adopt a step 

quantum well structure with one GaN well layer and two different AlGaN barrier layers with 

different Al component fractions. This kind of step quantum well is recently proposed both 

theoretically and experimentally for terahertz photoelectric detection based on the ISB 

transition [43-45]. 

In quantum well structure based on wurtzite III-V nitrides, the total polarization includes 

both the spontaneous polarization spP  and piezoelectric polarization piezoP . Therefore, 

even if there is no external applied voltage, a strong electric field still appears in the 

heterostructure system [46, 47]. For a strained quantum well system along c-axis direction, 

the piezoelectric polarization can be expressed as 33 33 31 11 22( )= + +piezoP e s e s s , where 11s , 

22s  and 33s  are the strain along x, y and z axis (c aixs) direction, 33e  and 31e  are the 

components of piezoelectric coefficient. The total polarization is then written as 

( )sp
w,b w,b 33,w,b 33,w,b 31,w,b 11,w,b 22,w,b=P P e s e s s+ + + ,               (1) 

where the subscripts w and b respectively label the quantity in the well and barrier layer.  

For AlGaN and GaN , the strain can be derived inside the well and barrier layer from the 

stress-strain relation ( ) ( )c sσ = � , where c  is the elastic coefficient. For simplification, the 

stress is applied along z axis direction, and thus the induced strain can be expressed as 

ex ex
11,b,w 22,b,w 13,b,w 33σ= =s s E  and ex

33,b,w 33,b,w 33σ=s E , where 13E  and 33E  are the 

components of E  which is the inverse of the elastic coefficient matrix C, and 33σ  is the 
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external stress along z axis. The piezoelectric polarization from the external applied strain can 

be obtained from 33 33 13 112zP e s e s= + .  

Except for external strain, lattice-mismatched strain is also considered. Strain produced 

by lattice mismatch can be obtained from the relationship 
(0) (0)
11 22 ( ) /= = −b w ws s a a a , 

(0) (0)
33 11 13 332 /= −s s C C  and 

(0) (0) (0)
12 23 31= =s s s , where ba  and wa  are respectively lattice 

constant of the barrier and well layer, 13C  and 33C  are the components of elastic 

coefficient in wurtzite material. Experimental results suggest that only barrier layer endures 

the mismatch strain in GaAlN/GaN quantum well [48]. Piezo-phototronic effect is induced by 

applied strain and lattice mismatch. However, the strain from lattice mismatch is fixed and the 

applied strain is dynamical, which is primary purpose in this study. 

With different layers under external applied strain, the induced polarization field can be 

written as [49] 

( )
3

1
3

0
1

/

/

ε

ε ε ε
=

=

−
=
∑

∑

k j k k
k

j

j k k
k

P P L
F

L
,                          (2) 

where kP  is the total polarization in k-th layer, kL  is the layer width, εk  is the relative 

dielectric constant and 0ε  is the vacuum permittivity. 

 

3. Piezo-phototronic Effect on Intersubband Transition and Optical Absorption 

Subband energy levels and corresponding wavefunctions are calculated for studying the 

ISB transition in the step potential well. Typically, conduction band is mostly studied in ISB 

transition of GaAs/AlGaAs, AlGaN/GaN quantum well [50, 51], which has wide applications. 

Transition occurring in valence band is strongly dependent on the polarization direction of the 

incident light, such as TM and TE polarization [52, 53], due to its three p orbits in upmost 

valence band. The downmost conduction band has only one s orbit and only TM polarization 

contributes to the ISB transition, beneficial to the experimental measurement [54]. 

Considering the electrostatic potential (polarization field), conduction-band discontinuity 
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(material difference) and deformation potential (lattice strain), electronic properties in 

wurtzite crystal can be captured from the eight-band kp model. Take the conduction band 

case for ISB transition as typical example, the eight-band kp Hamiltonian matrix is given by 

[55, 56],  

( )
=

( )

Γ 
 −Γ 

G k
H

G k
,                          (3) 

where G  and Γ  are 4 4×  matrices with the complex conjugate G  and Γ  

respectively. The detailed description of G  and Γ  matrices is given in Appendix A. 

Energy levels and wavefunctions are then obtained by solving Schro�dinger equation  

( )0, 0, + ( ) ) ( )x y z z n n nH k k k i V z z E zψ ψ = = = − ∂ =  （ ,             (4) 

where ( )ψn z  is the wave function, nE  is the energy level. ( )V z  is the potential energy 

given by ( ) φ= − +∆ +c xcV z q E V , where φ  is the Hartree potential, 

0.719 [ (AlGaN) (GaN)]c g gE E E∆ = × −  is the band offset at the heterointerface. The 

exchange-correlation potential xcV  is obtained from Refs [57, 58]. 

Hartree potential is calculated from Poisson equation which is given by [59] 

( )0 ( ) [ ( ) ( )]ε ε φ − = − −  
r z D

d d
P z z q N z n z

dz dz
,                (5) 

where DN  is ionized donor concentration, ( )n z  is free electron concentration.  

Scho� rdinger and Poisson equations should be self-consistently solved by an iteration 

process. To be more specific, given an initial Hartree potential obtained from Eq. (2), the 

subband energy levels and wave functions can be then calculated from Scho� rdinger equation. 

Fermi level is subsequently given from charge neutrality condition. Using energy levels, 

wavefunctions and Fermi energy, one can obtain free electron concentration which is then 

substituted into Poisson equation to calculate a new Hartree potential. Comparing the updated 

Hartree potential with the initial value, the iteration process will be terminated if the 

predefined tolerance (1 mV) is fulfilled for those two Hartree potentials. Otherwise, the 

iteration proceeds until the convergence condition is met. 
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After obtaining the energy levels and wavefunctions, we can calculate the optical 

absorption coefficient. All parameters including G  and Γ  matrices [55, 56], 

exchange-correlation potential xcV  [58, 60], free electron concentration ( )n z  [59], optical 

absorption coefficient α  [61] are given in Appendix A. Here, we set the temperature to be 3 

K, and other relevant parameters used in the calculation is listed in TABLE I. 

The presented results in this study are mainly focus on the general theory of 

piezo-phototronic effect on ISB transition. Density function theory (DFT) and quantum molecular 

dynamics (QMD) maybe the effective method for complex quantum well structure [24, 62]. 

 

4. Modify Wavelength of Piezo-phototronic Terahertz Detector by Applied Strain  

Terahertz radiation and detection have important applications in secure communications, 

material identification and genetic diagnostics [31]. Terahertz range is located between 

infrared and microwave frequencies [63], and has wavelengths from 30 to 300 μm 

(frequencies from 1 to 10 THz or energy from 4.1 to 41 meV) [64].  

Wurtzite GaN and AlN have strong optical phonon absorption in infrared reststrahlen 

band range [65, 66]. For the E1 and A1 phonon modes of GaN and AlN, due to two phonon 

effect, restrahlen band is broadened approximately into the region of 15-40 THz or 7-25 μm 

[65, 67], in which the incident light is almost completely absorbed by phonon vibration. 

However, for the terahertz wavelength, there are strong transmissions between the GaN buffer 

and sapphire substrate or weak phonon absorption. In addition, stress imposed on the devices 

will move the optical phonon into higher frequency [68, 69], broadening absorption window 

to allow a large transmission for the terahertz range. Therefore, it is reasonable and feasible in 

experiment for terahertz detection using GaN/AlGaN quantum well [43, 45]. 

Figure 1 shows the schematic of using strain-induced piezoelectric field to control the 

quantum well potential distribution and further modulate terahertz ISB transition. Figure 1(a) 

sketches the basic device structure of ISB transition consisting of a superlattice quantum well 

and GaN buffer layer, both of which are grown on a sapphire substrate. Figure 1(b) shows the 

enlarged single quantum well structure with and without strain. Gradient color presented here 

stands for distribution of piezoelectric potential coming from external strain. Figure 1(c) 



8 

 

displays energy band dispersion of wurtzite nitrides in the absence of strain. There are three 

types of hole bands i.e., heavy hole (HH), light hole (LH) and crystal-field split-off hole (CH) 

in the valence. Figure 1(d) depicts potential profile, schematic of ISB transition and interband 

transition in such step quantum well without external strain. ISB transition occurs between 

subbands of the conduction bands and interband type involves transitions among 

conduction-band electrons and valence-band holes. Under an external stress in Figure 1(e), 

potential profile becomes flattened, and its internal polarization field is reduced. This 

flattened potential has significant influence on the electronic confinement and energy 

transition. In the subsequent works, we only focus on ISB transition, because the interband 

transition has already well studied in various piezo-phototronic devices. 

The first device consists of a 3 nm thick Al0.1Ga0.9N space barrier A, a 3 nm thick GaN 

well layer and a 10 nm thick Al0.05Ga0.95N step barrier B, as shown in Figure 2. Two barrier 

layers are unintentionally doped with residual n-type concentration 1×1017 cm-3 and the well 

layer is n-doped with concentration 1×1018 cm-3.  

The conduction-band profiles and the corresponding material are shown in Figure 2(a) 

under the external strain 33s varying from 0 to 5.6%, (33s  is strain in GaN well layer). It is 

seen that potential profile in well layer is severely bended by the strong internal polarization 

field when there is no strain applied on the device. Step barrier B, a key layer for reducing the 

subband energy level and making transition energy located in terahertz range, has weak 

electric field with flat potential profile due to the space barrier A which shares those field 

transmitting from well layer. Distinguished from single quantum well with one barrier and 

one well layer, step quantum well with three-layer structure (one well and two barriers) can 

localize the strong polarization field only into two layers, i.e. the well and space barrier layer, 

benefiting to the rest wide barrier layer responsible for the weak field. This principle is similar 

to previous studies in terahertz detections based on GaAs single quantum well by setting a 

wide well layer to reduce quantum size effect under no internal polarized field [64]. Actually, 

step barrier in our structure can be also viewed as a “pseudo well layer” compared with the 

space barrier layer because the free electrons are mainly localized in this layer.  

Under an external strain, the well-layer potential profile becomes flat due to the 
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strain-induced piezoelectric field, which partly compensates the inherent polarization field. 

However, potential in the step barrier has a slight band bending as a result of the Coulomb 

interaction between the free electrons and ionized donors. A weakening of the polarized field 

in space barrier layer is also observed with the strain increased. The barrier height, no matter 

in left interface between space barrier and well layer or in right interface between step barrier 

and space barrier layer, both become higher by deformation potential. The rising of barrier 

height favors more bound states to be localized in well and step barrier layer, resulting in 

more bound-bound transitions.  

Figure 2(b) shows the absorption spectrum under different strains. With increasing the 

strain, absorption energy at the peak starts to decrease and then increases at the strain of 1.4%. 

The peak absorption intensity increases slightly and then decreases. The peak absorption 

intensity becomes weaker because of the slight bending of potential profile in step barrier. 

This band bending leads to the asymmetry of structure in step barrier which reduces the 

overlap of wavefunction as well as the transition possibility. Here, the width of step barrier is 

much larger than the well layer, and thus the wavefunction of bound states is predominantly 

localized in the step layer. Notice that since Fermi energy is always located at the energy 

between ground and first excited state under a fixed doping concentration, only transition 

from ground state to first excited state has higher strength and lower energy. Following this 

consideration, only the transition from ground state to first excited state is taken into account 

throughout the work. Figure 2(c) shows the absorption energy varying with the strain. The 

energy first decreases slightly, and then increases with the strain increasing. The absorption 

peak is in the terahertz range at the strain lower than 4.2%, beyond which the absorption 

energy is out of 10 THz.  

Quantum efficiency ( )1 exp wQE L α= − −  ( wL  is the total width of well and step barrier 

layer, α  is absorption coefficient), a key parameter to evaluate the optical absorption 

performance of quantum well device, as a function of the strain is shown in Figure 2(d). As 

we can see, with the increase of the strain, quantum efficiency has a slight increase and then 

decreases. The reduction of quantum efficiency is due to barrier height that is raised by 

deformation potential. Accordingly, ground state is gradually shrunk into GaN well layer, 
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while the first excited state is still localized in step barrier, resulting in the decrease of overlap 

wavefunctions and thus QE decreases. In fact, rising barrier height and reducing internal 

polarization simultaneously enhance electronic confinement ability that locks those lower 

bound states (here it is only ground state) into the well. Such modulation approach of 

terahertz absorption is featured by continuous manipulation based on piezo-phototronic effect. 

Depending on specific structure of quantum well, we can design terahertz photoelectric 

detection in a flexible fashion. Figure 3 shows another step quantum well with 3 nm 

Al 0.15Ga0.85N space barrier, 3 nm GaN well and 10 nm Al0.05Ga0.95N step barrier. The doping 

concentration in each layer is the same as in Figure 2. Figure 3(a) shows the conduction-band 

profiles at different strains. In contrast with Figure 2(a), Figure 3(a) displays an obvious band 

bending in step barrier layer without strain, which is the result of the polarization imbalance 

by Al component fraction of two barrier layers [44]. Increasing the strain can drive a tendency 

from imbalance to balance. This balanced transformation will result in a Stark red shift due to 

the polarization field, as shown in Figure 3(b). The decrease of absorption energy is 

completely different from those results mentioned above in Figure 2 where strain increases 

the absorption energy. Figure 3(c) shows absorption energy as a function of external strain. 

While the strain reach 3.6%, absorption peak falls into terahertz range. Quantum efficiency is 

shown with various strain in Figure 3(d). With the strain increasing, quantum efficiency 

increases first and then maintains almost unchanged. Such unchanged quantum efficiency 

indicates a saturation of absorption performance by piezo-phototronic effect. Two structures 

studied above demonstrate a facile modulation of terahertz wavelength by piezo-phototronic 

effect. 

Quantum well devices can obtain high efficiency by superlattice structure. Total 

absorption efficiency of superlattice device can reach very high, while the number of quantum 

well is increased [70]. For example, typical value of absorption efficiency of single quantum 

well is 1 0 3. %η = . According to the conventional formula: ( )11 exp 2Nη− −  [70], total 

absorption efficiency is 50% while the number of quantum well is 115N = . 

For conventional methods, the absorption wavelengths of terahertz photodetectors are 

modulated by changing material component, well width and temperature [45, 64, 71]. It is difficult 
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to modulate device performance while the device is already fabricated. Gating voltage is used for 

continuously operating terahertz device. But the supplied electric field is too weak to modulate in 

a large range [40, 72]. The present study can realize the continuous operation of terahertz 

absorption in a large range by piezo-phototronic effect due to strong piezoelectric field. 

In order to investigate the relationships between ISB transition energy, piezoelectric field 

and deformation potential, absorption spectrum and conduction-band potential profile are 

shown in Figure 4. The structure parameters and doping are completely the same as in Figure 

2. For conveniently seeing the effects of deformation potential and piezoelectric field, we plot 

the periodic repetition of potential profiles and wavelength functions over two quantum wells. 

Figure 4(a) shows the modulating results by the piezoelectric field. Deformation potential can 

induced variation in ISB transition energy and absorption coefficient, as shown in Figure 4(c). 

Simultaneously combining piezoelectric field and deformation potential can significantly 

move the absorption peak, as shown in Figure 4(e). To deeply understand the modulating 

mechanism, we calculate the potential profiles and wavefunctions in Figure 4(b), 4(d) and 4(f). 

Deformation potential greatly raises band offset at two interfaces (barrier/well interface and 

well/step-barrier interface), and piezoelectric field tends to flatten potential profile of well 

layer. When only considering piezoelectric field, ground state and first excited state are 

always localized at the entire step barrier layer with increasing the strain. A small difference 

of their wave functions is located at left boundary of narrow well region due to the reduction 

of polarization field, leading to a slight variation of wave-function overlap and absorption 

strength. The inconspicuous change of absorption energy is mainly attributed to the effective 

width that maintains almost unchanged. However, we observe an evident shift of absorption 

spectrum in Figure 4(b) which is purely originated from deformation potential. To be more 

specific, deformation potential simultaneously rises the barrier height (or band offset) of three 

interfaces (barrier/well, well/step barrier, step well/ barrier), and thereby confining more 

bound states. More importantly, the lift of barrier height at well/step barrier interface makes 

ground state localized predominantly at the well. This wave function localization on the one 

hand, reduces the overlap of wave functions and its transition strength, and on the other hand 

grows the transition energy due to the shrinking of the effective width of ground state. When 
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both piezoelectric field and deformation potential are taken into consideration (as the same in 

this study), the modulating effect becomes significant in Figure 4(e). A great movement of 

absorption energy and reduction of absorption intensity can be observed in the result of two 

combined effects which are the flattening of the potential profile and the deepening of the 

well height, as shown in Figure 4(f). The former comes from the piezoelectric field cancelling 

intrinsic internal polarization of well layer, and the latter is due to the deformation potential 

rising the interfacial barrier height. Therefore, the nonlinear coupling is the fundamental 

physics of various high performance piezotronic and piezo-phototronic devices. 

Piezo-phototronic effect on GaN-based quantum well structure has been extensively 

investigated in various optical applications, such as solar cell [73], photoluminescence imaging 

[74] and optoelectronic devices [75]. In those piezo-phototronic devices, the transitions between 

electrons and holes in ground state are considered. Comparing with strain-induced strong 

piezoelectric field, deformation potential has less influence on device performance because it 

mainly affects high excited state but not ground state by changing the depth of potential well. 

Therefore, strong piezoelectric field is predominant. For ISB transition devices, the coupling of 

piezoelectric field and deformation potential will enhance piezo-phototronic effect significantly.  

Possible experiments can be designed for above three case by setting proper alloy component 

fraction to balance either the lattice constant or polarization. The same lattice constant indicates no 

deformation strain, giving rise to zero deformation potential but limited piezoelectric field. 

Vegard’s law is an effective approach for the adjustment of alloy component fraction to lattice 

match different materials in experimentally, which has been widely used in III-V group 

semiconductor quantum wells [76, 77]. Similarly, by properly controlling the alloy composition, 

polarization field can also be eliminated by matching polarization charges between barrier and 

well layer [78]. 

For evaluating the impact of alloy material on the absorption properties of quantum well, 

we calculate the absorption energy and quantum efficiency as a function of strain and 

Aluminum component fraction of barrier A layer. Figure 5(a) shows that for relatively large 

Aluminum component, absorption energy becomes high and exceeds 100 meV. Dashed line 

gives a smallest absorption energy which increases with the increasing of Aluminum 
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component. Quantum well with smaller absorption energy has better absorption performance, 

as shown in Figure 5(b). The best Al fraction is of 15% while strain is of 5.6%. Thus, best 

absorption performance area has also been observed in Figure 3. 

 

5. Conclusion 

We theoretically investigate the optical absorption of terahertz range in GaN/AlGaN step 

quantum well under the influence of externally applied strain. By employing eight-band kp 

model as well as self-consistent solver of Schro�dinger equation and Poisson equation, various 

performance parameters including transition energy, absorption coefficient and quantum 

efficiency are calculated under two different quantum well structures. Depending on Al 

component fraction in AlGaN barrier layer, absorption energy and wavelength cab change by 

externally applied strain. Additionally, quantum efficiency, measuring the absorption 

performance, exhibits a sensitive strain dependence. Based on simulation results, we further 

propose two terahertz devices, i.e., low-strain and high-strain terahertz photoelectric detectors, 

which can realize continuous modulation by the piezo-phototronic effect. Finally, we 

contrastively explore the respective effect of piezoelectric field and deformation potential on 

ISB absorption, demonstrating that nonlinear coupling of those two effects leads to 

performance modulation or sensitivity enhancement in piezo-phototronic devices. This 

research is expected to pave a wide avenue for piezo-phototronic device applications in 

far-infrared domain.  
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Figure caption 

 

Figure 1.  Schematic of using piezo-phototronic effect to control terahertz photoelectric 

devices. (a) Device structure consisting of substrate, buffer layer and quantum wells 

superlattice. (b) Basic structure of a single quantum well with and without strain. Gradient 

color shown in the quantum well under strain signifies strain-induced piezoelectric potential 

distribution. (c) In-plane energy band dispersion of wurtzite GaN bulk material. Heavy hole 

(HH), light hole (LH) and crystal-field split-off hole (CH) are presented in the valence band. 

Potential profile, ISB transition, interband transition and electron/hole wave functions without 

(d) and with (e) the strain. Externally applied strain is along c axis direction. 

 

Figure 2.  (a) Strain dependent conduction-band potential profiles. (b) Absorption spectrum 

of quantum well devices. (c) Absorption energy versus the strain. (d) Maximum QE at 

absorption peak against the strain. Quantum well is composed by a 3 nm thick Al0.1Ga0.9N 

space barrier, a 3 nm thick GaN well layer and a 10 nm thick Al0.05Ga0.95N step barrier layer. 

Space barrier and step barrier are unintentional n-doping 1× 10
� cm-3, and well layer is 

n-doping 1× 10
�	cm-3. 

 

Figure 3.  The same performance measurements as in Figure 2 but for different quantum 

well structure. Except for a change that Al mole compositions in space barrier tunes to 15%, 

other parameters are the same as in Figure 2. (a) Strain dependent conduction-band potential 

profiles. (b) Absorption spectrum. (c) Absorption energy versus the strain. (d) Maximum QE 

as a function of the strain.  

 

Figure 4.  Comparisons of piezoelectric field and deformation potential from absorption 

spectrum (a) (c) (e) and potential profile (b) (d) (f). (a) and (b) are the cases with piezoelectric 

field but no deformation potential. (c) and (d) are the case with deformation potential but 

without piezoelectric field. (e) and (f) are the case combining those two effects. 
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Figure 5.  Contour plot of (a) absorption energy E and (b) quantum efficiency QE versus 

strain s33 and Aluminum component fraction x of barrier A. Dashed line gives the absorption 

with best performance. Here, Aluminum fraction y of step barrier B is fixed at 0.05. 
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Figure and Table 
 

TABLE I. Material parameters of wurtzite GaN and AlN. All parameters are taken from Ref 

[79-82]. For AlxGa1-xN alloy material, the parameter A takes linear interpolation form 

( ) ( ) ( ) ( )1Al Ga N AlN 1 GaN− = + −x xA xA x A  except for the bandgap gE  and spontaneous 

polarization spP , which should consider the bowing parameter C via the relationship 

( ) ( ) ( ) ( ) ( )1Al Ga N AlN 1 GaN 1− = + − − −x xB xB x B Cx x . Here, the bowing parameters 

are 0.7 eV and -0.021 C/m2 for the bandgap and spontaneous polarization, respectively [83]. 

 

parameter GaN AlN parameter GaN AlN 

a(Å) 3.189 3.112 �� -0.528 -0.311 

c(Å) 5.185 4.892 �� 5.414 3.671 

�

(GPa) 390 396 �� -2.512 -1.147 

�
�(GPa) 145 137 �� -2.510 -1.329 

�
�(GPa) 106 108 �� -3.202 -1.952 

���(GPa) 398 373 ��（eV∙ Å） 0.046 0.026 

���(GPa) 105 116 �
(eV) -4.9 -3.4 

���(C/m�) 1.23 1.79 ��(eV) -11.3 -11.8 

��
(C/m�) -0.35 -0.50 �
(eV) -3.7 -17.1 

���(C/m�) -0.034 -0.090 ��(eV) 4.5 7.9 

�� 9.8 9.1 ��(eV) 8.2 8.8 

α(meV/K) 0.909 1.799 ��(eV) -4.1 -3.9 

β(K) 830 1462 ��(eV) -4.0 -3.4 

!"(eV) 3.510 6.25 ��(eV) -5.5 -3.4 

∆$%（eV） 0.017 0.019 &
�(dyn/cm�) 15.8×10

 12.0×10

 

∆()（eV） 0.010 -0.169 &��(dyn/cm�) 26.7×10

 39.5×10

 
*||/*, 0.186 0.322 !�
(eV) 17.292 16.972 

*0/*, 0.209 0.329 !��(eV) 16.262 18.165 

�
 -5.947 -3.991    
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Figure 3 
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Figure 5 
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Highlight: 

1. Piezo-phototronic effect is used to modulate Terahertz intersubband (ISB) transition 

in AlGaN/GaN step quantum well. 

2. Strain-induced piezoelectric field can change ISB absorption in heterjunction.  

3. Piezo-phototronic effect offer an effective way to continuously modulate wavelength 

of Terahertz photodetectors. 

 


