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The two dimensional electron gas (2DEG) in AlGaN/GaN heterostructure has been
investigated under various strain-induced piezoelectric fields. Quantum state can be
effectively modulated by a perpendicular piezoelectric field. Piezotronic effect can be used for

enhancing infrared photoel ectric detection.
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Abstract

Recent developments of piezotronic devices stafbdas on the quantum behaviors of
the nanostructured system going beyond the coromaldtidevice applications. Piezotronic
devices utilize piezoelectric field to control tleharge carrier behaviors at the junction,
contact or interface of piezoelectric semicondydach as ZnO, GaN, and two-dimensional
materials. In this study, we theoretically inveatay the piezoelectric field effect on
two-dimensional electron gas (2DEG) in AlGaN/GaNtehestructure by employing an
approximate triangular potential model. Basic etmdt properties such as wave function,
electronic energy, electronic density distributanmd the width of potential well are explored
under the influence of the externally applied str&irom the electronic density, bound state
can be eliminated or created by properly chandiegexternal strain, meaning the effective
modulation of piezotronic effect on quantum stald® piezoelectric field in 2DEG system is
perpendicular to the electronic transport, whick remarkable advantage over the parallel
case in switching devices. Furthermore, piezoateatodulation of intrasubband transition
enriches the fundamental theory of piezo-photorind provides guidance for designing

strain-gated infrared devices.
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Much attention has recently been concentrated emopionic and piezo-phototronic
devices based on piezoelectric semiconductor naddeisuch as ZnO, GaN, InN and CdS.
Following closely the invention of nanogenerator-4]1 plenty of multifunctional
electromechanical devices such as solar cells|[$ight-emitting diodes (LEDSs) [7, 8], strain
sensor [9] and piezotronic field effect transisfd@] remarkably broaden the application
prospects of conventional semiconductor transistarthe development of flexible electronic
devices, taxel-addressable matrices and photoms$ensor arrays have also been made
significant progresses in their chip integration1Z]. Piezotronic analog-to-digital converters
(ADC) based on strain-gated transistors can re#tizeconversion from mechanical stimulus
to digital logic signal [12]. Piezotronic effect ¢ime performance improvement of wavelength
and luminescence is studied in ZnO nanowires, Guiemtum dot and single-layered MoS
[13-16]. Furthermore, piezotronic transistors basadtopological insulators have received
extensive attentions in their high-performance ceipplications [17, 18].

Since the concept of modulation doping in AlGaAgk&aystem was introduced by
Dingle et al in 1979 [19], two-dimensional electron gas (2DHE@y been widely studied in
the area of theory and experiment. Due to the ptiggeof high electron density and high
mobility, 2DEG has much crucial applications inldieffect transistors (FET) for high-power,
high-frequency and high-temperature applicatior®s 21]. Ultrafast optical switches can be
designed based on the inter-subband transitionT)JRB 2DEG in AIN/GaN multiquantum
wells [22-24]. Additionally, terahertz and infrarebtectors have also been developed by
using 2DEG based transistors such as Schottky sliadd splitting-gated FET [25, 26]. On
other hand, 2DEG is also an important studyingf@lat for many quantum behaviors such as
guantum Hall effect [27], topological insulator [Z8] and topological superconductors [30].
Electron flowing in inversion asymmetric 2DEG cawluce spin current which is promising
for spintronic devices and quantum computing [31].

In this study, we take 2DEG in AlGaN/GaN heterostinge as a typical representative of
perpendicular piezotronic modulation to explore llasic quantum properties and potential
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undoped GaN buffer [32]. The undoped AlGaN is usededuce the scattering in 2DEG by
the ionized impurities in n-type AlGaN layer [38)ue to the spontaneous and piezoelectric
polarization [24, 34, 35], the band structure i©rsgly bended by the sizable interfacial
electric field. An approximate triangular potentiall is then formed and high density 2DEG
resides near the interface in GaN layer [36], hews in Figure 1(a). Due to the
piezoelectric property of GaN, tensile and compwvessstress can produce additional
piezoelectric polarization charges at the interfacel weaken or enhance the interfacial
electric field in triangular potential well, asufitrated in Figure 1(b) and (c). The carrier
properties such as current-voltage characteridtimsg structure and luminescence properties
can be tuned and controlled by the piezoelecteid fiThe wave function, subband energy, the
intrasubband transition energy, electron densityl dhe width of potential well are
investigated as the external applied strain vafesm the point view of electron density, the
emergence of different bound state is significardigpendent on the external strain,
demonstrating that quantum states in 2DEG can be&atled by piezotronic effect. Because
the distribution width and total electron densitypiotential well is sensitive to the change of
strain, the performance of the field effect tramgiscan be remarkably enhanced by
perpendicular piezoelectric field.  Distinguishingarrier recombination (happens in
conduction electrons and valance holes) in pieaugitonic effect, the tuning of
piezoelectric field on intrasubband transition (foonduction electrons and carrier

recombination) has potential applications in irdchdetection.

2. Piezoelectric Field on 2DEG

Strain-induced piezoelectric field can be paratlielperpendicular to the direction of
electric field produced by source-drain voltageralel field is able to raise or reduce the
barriers height along the carrier flowing directiand thus effectively control the carrier
transport of nanodevices. Typical representativaslude piezotronic p-n junction,
metal-semiconductor (MS) contact and PIN diode &3], which exhibit high performance
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high as 18 which is much higher than those of parallel pid¢zcieic field cases. The
conducting channel is formed by a thin layer tweinsional electron gap (2DEG) near the
interface of heterostructure.

Figure 2(a) shows the side view of AlIGaN/GaN hetgreture and the conduction band
structure. Because of the presence of the sizat#eacial electric field, amount of electrons
are attracted to the interface and form a high eotration 2DEG region. The interfacial
electric field is caused by the piezoelectric pakition charge (induced by lattice mismatch)
and the spontaneous polarization [24, 34, 35]. pixter the above two polarization cases,
applied strains can also produce piezoelectricgetsaat the interface and further modulate the
guantum behaviors of 2DEG. By solving Schrédinggragion and Poisson equation [36], the
wave function, subband energy, the intrasubbanusitian energy, distribution of electron
density and the width of potential well are caltedhby basic theory of quantum mechanics.
The governing equations for describing 2DEG in ANBaaN heterostructure are presented as
follows.

The energy band can be controlled by strain-indysedoelectric charges, which is the
electrostatic effect governed by Poisson equatkor. wurtzite structure semiconductor

heterostructure AlIGaN/GaN [39], Poisson equaticsoised for the displacement field [32]

d

d ‘ -
&D(X) =&[55(X)F + P(X)}: q[p_nZDEG + ND - NA +ppiezo:| (1)

where D(X) is the displacement fieldgs(x) is the position-dependent dielectric constant,
F is the electric fieId,P(X) is the total polarization,P is the hole concentration,
N,pes IS the electron density of 2DEGQY,, is the ionized donor concentratiofN, is the
ionized acceptor concentration ., is the strain-induced piezo-charges concentraiibe.

total polarization P(X) is the sum of the spontaneous and (lattice midmaiiezoelectric

polarization [32].
Due to the presence of strong polarization fieldrnthe interface, the bending of
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used to give the analytical results and presergddaj

00 ,X=0

?(x) ={F y @)

piezo ’X>O

where qz)(x) is the potential distributionF is the piezoelectric field. At the interface

piezo
X =0, the electrostatic potential is assumed to beitefiheight potential barrier due to the
presence of larger band discontinuity [36, 41]. Etectric field derives from piezoelectric
polarization and spontaneous polarization in dapietegion. Strong polarization field bends
the band-edge profile, which can be considered agiasi-triangular potential. Previous
results have indicated that theoretical modelsdasetriangular potential approximation are
consistent with the experimental results for hgterction devices, such as in Si inversion
layer, AlIGaAs/GaAs and AlGaN/GaN [36, 42, 43].

The piezoelectric field is tunable by the exterapblied strain. For three-dimensional

bulk material [37, 44], piezoelectric field canwstten as

W.
2 Fo + qpplezo piezo (3)

piezo
EGaN

where F, is the intrinsic electric field without externatran, W is the width of

piezo
piezo-charges distributioné,, is the dielectric constant of GaN.

Take one-band effective mass model as a typicahpl we investigate piezotronic
effect on 2DEG in wurtzite heterojunctions. Eleatrstates in triangular potential well are
described by Schrédinger equation

1 dy
2m dx?

+(E-aFex)w =0, @

where m is the electron effective mass of GaN. Solvingagigm (4) under the boundary

condition:(//(O) =0, 1/1(00) =0, the energy levels and wave functions are give[86y
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(%) =CDA“‘,;—'2'quiJ Lx- = JJ (6)
where A(z) =1/ ﬂj: Cos(t3 / 3+ Zt)dt is Airy function and

C:]/J.: A[(Zn*qFS/hZ)m(X—Ek / qFS)}dX is normalization factor. Once the basic

guantum states are obtained, electron density &&@Dan be calculated from

n2DEG(X):Z[//;(X)¢/k(X) (i (7)

where M is the number of bound stateB, is the electron density occupiedkith bound

State

m 1

T j . Trex(E-Eq)KT] X

where E, is subband energy in theth bound state,E- is the Fermi energy. The energy

difference between two nearest subbands is obtaised

2 1/3 -13
AE, = ans(;n* ] B ans(k +;m )

The width of potential well can be evaluated byngsthe average distance of electron

distribution in thek-th subband, which is defined by [36]
(Xe) =], 5 (g (x)oix (10)
For wurtzite structure GaN grown aloo@xis [39], the piezoelectric coefficient is given

by
O 0 0 0 e O
(e)y={0 O 0 g O O (11)
%1 eSl eSS O o 0

When only axis strains;, is supplied, the piezoelectric polarization vedesonritten as [37]

Pz = %3533 = qppiezoniezo . (12)



In piezoelectric semiconductor devices, externglliag strain induces the pure strain
effect and the piezotronic effect. In this studg @onsider the piezotronic effect and neglect
the pure strain effect. The piezoelectric field shift around 400 meV, and pure strain shift
the conduction band-edge ~5 meV under the strain@ in AlGaN and GaN layer [45]. In
addition, previous experimental and theoreticalltesshow that the piezoelectric field in
AlGaN/GaN heterojunction can reach over MV/cm [48]. Therefore, the piezoelectric field
can remarkably change the potential well strucamd offer a strong piezotronic effect in
AlGaN/GaN heterojunction.

For simplicity, the triangular potential approxinast is used for clearly describing

piezotornic effect on 2DEG. The self-consistent lrodt can also be used for quantitative

analysis of piezotronic device [41]. An initial atielectric potentialw(x) calculates the
wavefunction and eigenenergies from Eq (4). Theteda density of 2DEGN, ., is then

obtained from Eq. (7) and Eq. (8), and further usechlculate a new electric potenﬁlx) .

If the new electric potential is convergent to tb&l one, the obtained results are
self-consistent. Otherwise, the iterative procediganoceed until the convergence occurs.

The typical constant used in the calculation isspnéed as follow: The piezoelectric

coefficient of GaN e,; is 0.65 C/m [35], the dielectric constangg,, is 10.45,with the
vacuum permittivity £, [35], the effective electronic mass 8.19m, with the free
electron massm, [32], the temperature is 300 K, the width of pieharges distribution

wW is 0.25 nm [37], the intrinsic electric fieldF, without piezo-charges i€.5 MV/cm

piezo
[48], the Fermi energyE is 0.3 eV [24, 48].
The parameters for simulations are obtained froevipus experimental works [49, 50],

as shown in Table |. Theaxis isc-direction of wurtzite material. GaN and AlGaN layare

unintentionally doped and n-AlGaN layer is dopethvgihallow donors.



bound states with the energy lower than the Fenmigy. The 2DEG electron density,

is the summation over all subband electron deraity localized in the potential well. The

piezoelectric field F is linearly dependent on the external strain,hasve in Figure 2(b).

piezo
For tensile stress (positive value strad,) supplied to GaN, the piezoelectric field is
enhanced by strain-induced positive piezo-chanyegative piezo-charges will weaken the
piezoelectric field when the GaN endures compressivess (negative value stra8y,).

Wave function and corresponding energy eigenvataepeerequisite to understand or obtain
various quantum effects. Figure 2(c) plots the wiavestion of the lowest four bound states
under strain varying from -0.6% to 1.0%. As theaistrgrows, the distribution of wave
function becomes narrow and thus the electronicsitiendistribution is increasingly
concentrated at the interface. The shrinking ofdiséribution width is due to the increase of
piezoelectric field which attracts more electroftse to the interface to screen the growing
electric field. Additionally, for a fixed externatrain the width of wave function distribution
also gradually increases with the level of bouradestFigure 2(d) shows the subband energy
of the lowest four states as a function of striimergy in different bound state decreases with
the reducing of the strain and ends up to zerbeastrain $=-0.7% where the piezoelectric
field vanishes.

In order to give direct insight into piezotronicfeit on electron states, the electron
density of the lowest eight bound states is plotteBigure 3(a). While the strain is low and
close to -0.7%, electron density for different sadts becomes very high, which is mainly
attributed to the vanishing piezoelectric field.tiis case, the potential well is near flat and
equivalent to unilaterally infinite depth potentiaéll where almost all electrons are confined
in the well. With the increasing of the strain, tHectric field intensifies gradually and the
potential well starts to decline. Electron densityhigh bound states reduces rapidly and
ultimately becomes zero at a critical strain. Tieso electron density can be viewed as the

vanishing of quantum state (precisely speakingntym state always exists and cannot be
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from the ground state to the seventh bound statelB%, 0.18%, -0.14%, -0.30%, -0.38%,
-0.43%, -0.48% and -0.51%, respectively.

Figure 3(b) shows the total electron distributidr2DEG in the potential well with the
strain varying from -0.6% to 1.0%. Both the peak aridth of electron density distribution
increase with the strain decreasing, indicating thare and more electrons are populated on
the well. Combining with the property of high matyil[51], high concentration electron gas
in potential well leads to 2DEG being superior aativity. Based on this principle, 2DEG is
widely used in field effect transistor. In piezatio field effect transistor, the formation of
2DEG is controlled by strain-induced piezoelecfisld and ON/OFF switching ratio is
10°>-10" [52]. This ultrahigh switching ratio is attributéd the piezoelectric field which is
perpendicular to the flowing direction of chargerigais and directly controls the opening and
closure of the conducting channels in 2DEG, gianige to excellent switching behavior. By
contrast, those devices with piezoelectric fieldaflal to the transport direction, such as
piezotronic p-n junction, metal-semiconductor coht@nd PIN diode is difficult to achieve
high ON/OFF ratio due to the presence of tunnatingent.

The energy transition between two intrasubbandguantum dot or quantum well is
usually related to the infrared photodetector [5R-Figure 4(a) plots the energy difference
between two nearest subbbands as a function oin.stfde breaking curve of energy
difference is due to the consideration of the Jaingg electron density of bound states in
Figure 3(a). Energy difference decreases with thains approaching to -0.7%. The first
energy difference between the ground state andirdteexcited state is largest and has the
critical strain greater than 0. As level of bounalte increases, the breaking point decreases.
When the applied strain is larger than the breakioigt, the electron density vanishes and
thus this energy transition is forbidden.

It should be noted that the bound states studieel éwe the conduction electron states
and thus the energy transition between differeatiestis intrasubband transition. As we can
see from Figure 4(a), the transition energy vanethe order of 0.01 to 0.1 eV. However, for

9
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electrons and valence holes. In piezo-photonicgcdsylight absorption or emission is based
on the interband transition between electrons aheshand thus the light frequency is higher.
The tuning of piezoelectric field on intrasubbarghsition is a completely novel mechanism
for mechanical-optical coupling devices, which loeas the fundamental theory of the
piezo-photonics effect. Meanwhile, the light fregog of intrasubband transition in 2DEG is
in infrared region which is much desired in infrdudetector based on piezo-photonics effect.

Conventional AlGaAs/GaAs quantum well based farairdd photoelectric detectors use
gate voltage to change wavelength [57]. Electetdfinduced by the gate voltage is limited to
the level of ~100 KV/cm. Piezoelectric field cameh up to ~10 MV/cm, which is 100 times
larger than the gate voltage induced field [46, A4 a result, wavelength can be effective
adjusted by the piezoelectric field.

We also plot the average distribution width of Hmind states as a function of strain in
Figure 4(b). Similarly, there exists the breakirgnp in the curve owing to the vanishing
electron density in bound states. The width shadglgreases when strain is closes to -0.7%
and subsequently changes slowly. Ground statehieasinimum width due to its low energy
which is located at the bottom of triangular podnwell.

In order for demonstrating the practical deviceligption, we simulate the piezotronic
transistor based on AlGaN/GaN heterojunction byfithiee element method. The piezotronic
device models including p-n junction, M-S junctidnpolar transistor and metal—insulator—
semiconductor tunnel device have been simulatedsinyg the COMSOL software package
[37, 58, 59]. The structural parameters used inAl@aN/GaN piezotronic transistor are
displayed as following: the lengths of GaN, AlGaiian-AlGaN are 20 nm, 1 nm and 40 nm,
respectively. The dopant concentrations aré’ @i, 10 cm® and 10’ cm?® and the
cross-sectional area is set aguz X 2 um. Figure 5(a) shows |-V characteristics of the
AlGaN/GaN piezotronic heterostructure with vari@igin-induce piezoelectric fields. The
current significantly changes while the strain eases from -0.4% to 0.4%. Figure 5(b)
shows an enhancement of the current when the singieases from -0.4% to 0.4%,

10
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We have theoretically studied the impact of pieaoitr effect on 2DEG in AlGaN/GaN
heterostructure. Using the approximation of tridaguotential well, various electronic
characteristics of 2DEG such as wave function, antlbenergy, band transition, electron
density and the width of potential well are caleetaunder external applied strain. External
strain can sensitively control electron density bafund states and even determine the
appearance of bound state, directly demonstratiagptezotronic tuning of quantum states.
Furthermore, we calculate the total electron cotmaéinn and effective distribution width of
2DEG which can remarkably enhance the switchingopmance of piezotronic field effect
transistors due to the modulation of perpendicyli@zoelectric field. Distinguishing the
interband transition in conventional piezo-photodivices, the intrasubband transition in
2DEG not only enriches the fundamental theory efzpiphotonics effect, but also offers a

method for designing strain-gated infrared detgctiavices.
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corresponding energy band diagram for (a) unstdhioase, (b) stretched case and (c)

compressed case. The height of the triangle paleméill D is tunable by the piezoelectric

potential © . .
piezo

Figure 2. (a) Side view of AlGaN/GaN quantum weltrain-induced piezo-charges is
distributed at the interface. (b) Total piezoeliecfield versus strain. (c) Wave function
distribution for the first three subbands undeffedént strains. (d) Subband energy as a

function of strain.

Figure 3. (a) Electron density against straintfiar different bound states; (b) Total electron

density distribution of 2DEG in the potential wefllder different strains.

Figure 4. (a) The energy difference between twares intrasubbands as a function of
strain; (b) the average distribution width of difat bound states varying with strain. The
appearance of the breaking point in the curvesues td the consideration of the vanishing

bound state.
Figure 5. |-V characteristics of piezotronic trstisr based on AlIGaN/GaN heterojunction.

(a) The current versus the voltage for the strairyimg from -0.4% to 0.4%; (b) the current

versus the strain under different applied voltages.
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(a) Unstrained

(b) Stretched

(c) Compressed

Figurel
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AlGaN 2 nm [49] 8 mm[50] 8 mm [50] 1.0 x 10" [49]

n-AlGaN 20 nm [49] 8 mm[50] 8 mm [50] 5.0 x 10" [49]
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2. Thestrain-induced piezoelectric field can effectively manipulate quantum state of 2DEG.

3. Piezodectric field can enhance infrared photoel ectric detection.



