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JOINT INFLUENCE OF INTERNAL FIELDS AND INDIUM SURFACE SEGREGATION ON
BAND STRUCTURE IN INGAN/GAN SINGLE QUANTUM WELL

In this paper, authors investigate the influence of the indium surface segregation and piezoelectric polarization on the
band structure of the InGaN/GaN single quantum well. The obtained results evidence that the indium surface
segregation leads to the blue shift of the transition energy (70 meV for the segregation length 1nm at both
heterointerfaces) while the piezoelectric polarization itself causes the read shift. Joint action of both effects influence
on the potential profile determining the linear dependence of the transition energy on the width of the quantum well.
The piezoelectric polarization is prevailed for the high indium amount, and the indium surface segregation is
dominated for the low indium amount in the In(x)Ga(1-x)N alloy.

INTRODUCTION

Light-emitting diodes and semiconductor lasers based
on InGaN/GaN quantum well structure are of actual interest
due to their operation in the spectral range from the visible
to the UV radiation [1]. On the other hand, a widespread
application and designing of these devices is limited by
existed difficulties concerning predictions of their optical
spectral characteristics. Indeed, all published theories of the
optical response of considered structures contain at least
one fitting parameter. The most frequently encountered one
is the linewidth of the inhomogeneous broadening [1], [2].
This kind of the broadening is related to 3D random
variations of the potential relief caused by the indium
composition fluctuations. Effects changing uniform indium
distribution are the indium surface segregation [3], [4] and
clustering [5]. In this letter, we focus on the indium surface
segregation (ISS) and its influence on the band structure in
InGaN/GaN single quantum well structure. The aim of this
work is the theoretical investigation of traits in the band
structure which are caused by the ISS and piezoelectric
effects.

As a rule, the ISS is investigated experimentally by
using the transition electron microscopy (TEM) [6], [7],
reflection high energy electron diffraction (RHEED) [8] and
X-rays diffraction (XRD) [9]. All these methods have own
disadvantages in case of ultrathin quantum wells. TEM
could induce an additional local strain in the crystal lattice
after a long duration of the electron beam exposition time
[10]. RHEED is realized during the crystal growth and
cannot be applied after the fabrication. The XRD technique
has low sensitivity for distances up to 2 nm and its
experimental data are difficult to interpret. The optical
spectroscopy avoids most of these disadvantages. However,
the application of the optical spectroscopy requires the
theory providing clear connection between the optical
spectroscopic data and parameters of the structure
imperfections.

Knowing of the band structure is necessary for

computations of the optical characteristics using Fermi’s
Golden Rule, density matrix approach or Green’s function
method. That is caused the topicality of this paper.

INDIUM DISTRIBUTION PROFILE

There are several approaches to modeling and
parametrization of the indium profile in the structure with
segregation. One of them is based on the Fick's law [6].
This approach gives the indium distribution profile
expressed as a linear combination of the complementary
error functions:
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here: n,,(z) is the indium distribution, n,,,is the
nominal indium molar fraction in QW layer, w, , is the
nominal width of QW, L, and L, are lendth of the surface
segregation.

Some authors use the Gaussian function for potential
profile approximation for QWs where surface segregation
effects take place. In this case, the width of the Gaussian
function is a fitting parameter which can be found from
experimental data or theory treatment. Gaussian
approximation gives symmetrical indium distribution
function. However, TEM images of QW structures argue
that the surface segregation leads to asymmetrical shape of
the indium distribution profile. Therefore, we use more
complicated description of the surface segregation based on
kinetic equations [7]. The solution of the coupled kinetic
equations is fitted by the following expression [3]:
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This formula approximates with high accuracy the indium
distribution obtained by means of the theory of Muraki et
al. [11], [12]. Expression (2) gives asymmetrical indium
distribution. This approximation contains two fitting
parameters instead of single one as in case of Gaussian
approximation. That gives more freedom to provide
accurate fitting. As it follows from the experimental data,
fitting parameters L, and L, are not equal that means

here z, -z, =w,,,

inequality of the segregation effect for switch-on and
switch-off regimes of the MBE indium source evaporator.
Hereafter, we name parameters L, and L,the segregation

lengths.

POSITION-DEPENDENT MATERIAL
PARAMETERS AND INTERNAL ELECTRIC FIELDS

In this paper, we consider nitride single quantum well
structure with layers made of In(x)Ga(1-x)N and GaN
semiconductor alloys. All position-dependent material
parameters except the band gap energy have been computed
using linear interpolation formulas. We use the second order
interpolation formula with the bowing parameter to
compute the band gaps. Material parameters for relevant
binary semiconductors have been taken from [17]. In the
case of In(x)Ga(l-x)N QW heterostructure, the molar
fraction of indium x is a position-dependent parameter. All
other position-depended quantities are related to the indium
distribution in the structure.

Well-known peculiarity of the wurtzite -crystal
heterostructure is strong internal electric fields caused by
spontaneous polarization and piezoelectric effects. In this
paper, we neglect the spontaneous polarization and focus
our attention on piezoelectric fields. This is good
approximation in case of high indium amount in In(x)Ga(1-
x)N alloy.

High indium amount leads to significant lattice
constant mismatch for In(x)Ga(l-x)N/GaN material pair.
Lattice mismatch causes strong strain giving origin to
piezoelectric effects. Piezoelectric polarization Py, is
calculated using Vegard's interpolation formula [13]:

P (2) = XPh0 [£(2)] + (1- XPEN [6(2)] (3)
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where the strain coefficient ¢(z) is defined as
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here a,, is the lattice constant of the substrate and a(z) is

subs
the lattice constant of the unstrained semiconductor alloy at
apoint z.

As has been shown in Ref. [13], piezoelectric
polarization of binary strained semiconductors can be
expressed as:

P (e(2))=-1.373¢(z) + 7.559¢%(2) ()
PN (e(2))=—0.9186(z)+9.54167(2) (6)

When the piezoelectric is absent, the quantum well is
characterized by the square potential profile. The
piezoelectric effect leads to zigzag shape of the quantum
well.

BAND STRUCTURE

The electron wave function is obtained as solution of the
Ben-Daniel-Duke equation resulted from joint action of the
single-band and the envelope function approximations [16].
This approach is based on the following representation of
the electron wave function [15]:

(rws) — expliky (=X 5). (7)

where (r|S) is the periodic Bloch function in the position-

coordinate representation, ¢; (z)is the envelope function for

the electron's j -th state, I;H is in-plane wave vector and
1jis the in-plane radius-vector. Solving of the Ben-Daniel-
Duke problem gives unknown envelope functions ¢j(z)

and band structure of the conduction band. The valence
band structure is computed separately in more complicated
manner to include into consideration intense band mixing
effects. In the frame of the envelope function
approximation, we use six-band model including into
consideration interaction between heavy hole, light hole and
spin-orbit split-off states with all possible directions of the
spin. This approximation is widely used for semiconductor
nitrides with wurtzite crystal structure [14]. In this case,
wave functions for the valence band are represented as [13]:
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where m $m$ is an index indicating type of the basis
function in the bulk Hamiltonian, AN, is number of

considered subbands for the m-th band, <r|m> is the

periodic Bloch function of the m-th type and g7’ are the
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hole envelope functions.

Usually, to simplify the problem, the block-diagonal
representation of Hamiltonian is applied. In this case, the
problem is solved for each block of the Hamiltonian
separately. The wave functions in the block-diagonal
representation are modified as:

()=o) ¥ 3 enKelm). ©)
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here index o refers to upper o =U or lower o = L blocks
of the Hamiltonian. The 6x6 Hamiltonian in block-
diagonal form [14] is

U
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parameters, D;(j=1+4) are deformation potentials, A,,

A,, A; are energy parameters, C;; and Cj, are elastic
stiffness constants.

In the frame of the envelope function approximation,
Hamiltonian (10) is transformed to the differential operator
using the transformation k, — 6/dz . The band structure
and envelope functions have been computed numerically,
applying the finite difference method [14].

BAND STRUCTURE

We restrict our consideration here only by the valence

band due to its more complicated structure comparing with
conduction band.

Computed band structures presented in Fig. 1 uncover
effects of joint action of the piezoelectric polarization and
indium  surface  segregation for  semiconductor
heterostructures with different indium amount (with
different depths of the quantum well). Here, the indium
surface segregation lengths equals L, =L, =1 nm that

corresponds to the experimental data [2]. As it follows from
Fig.1, indium surface segregation does not lead to changes
in the shape of the valence band dispersion curves. It means
that the influence of surface segregation on the effective
mass of carriers is not significant. Also, one can observe the
blue energy shift of all states caused by the indium surface
segregation effect. The energy shift is equal 20 meV for the
conduction band and 50 meV for the valence band. Total
blue shift is 70 meV.
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Fig. 1 — Band structures for InGaN/GaN single quantum well with
indium amount a) x=0.1, b) x=0.2 and c¢) x=0.3 for square
quantum well (solid curve), quantum well with piezoelectric
polarization (dashed curve) and joint action of piezoelectric
polarization and indium surface segregation (dotted curve)

For all considered cases, the piezoelectric polarization
leads to significant shift of energy subbands in both
conduction and valence bands. The resulted shift of the
transition energies is red one for all cases that is opposite to
the ISS. This feature of the nitrite quantum well structures is
well-known and it is proved by several experimental works.
Increasing of the indium amount leads to increasing of such
an energy shift. That is caused by direct relation between
indium amount and piezoelectric polarization following
from Eq. 3.

As follow from presented results, the indium surface
segregation leads to constant energy shift of subbands
relative to subbands for the case when the piezoelectric
polarization is present. In the shallow quantum well, the
piezoelectric polarization in weak and the indium surface
segregation is dominant causing strong blue shift. In the
case when the indium amount is equal, the piezoelectric
polarization and indium surface segregation have almost the
same effect. Acting in opposite direction, their joint action
does not change the energy of subbands significantly
relative to their position in the square quantum well. At high
indium amounts, the indium surface segregation just
compensates the piezoelectric effect a little bit.

WIDTH DEPENDENCE OF THE BAND STRUCTURE

Fig. 2 contains dependences of the valence band edges
on the quantum well width. In the case of the square
quantum well, dependences of the band edges on the width
of the quantum well are nonlinear ones. Especially, this is
well-observed for holes which have lager effective mass.
The piezoelectric polarization leads to zigzag potential
profile of conduction and valence band edges. As s result,
the dependence of the band edges on the quantum well
width becomes linear. The ISS does not change the charter
of this dependence significantly leading to some constant
energy shift of subbands. This is the case for both

conduction and valence bands.

Changes in the width of the quantum well can lead to
appearing of new confinement states in the quantum well.
Such states are denoted by circles in Fig. 2. Conduction
band have only one confined state in all cases.

CONCLUSIONS

In this paper, we have investigated the influence of the
piezoelectric polarization and indium surface segregation on
the band structure in InGaN/GaN single quantum well.
Obtained results evidence that the joint action of the
piezoelectric polarization and indium surface segregation
cause unique position of subbands at the energy axis. The
low indium amounts, the indium surface segregation is
dominant effect due to piezoelectric polarization is weak in
this case. However, the piezoelectric effects are prevailed at
the high indium amount. Joint action of the indium surface
segregation and piezoelectric polarization causes linear
dependence of band edges on the width of the quantum
well. This result is confirmed by experimental data based on
the photoluminescence measurements [19].
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Fig. 2 — Dependences of a) valence and b) conduction band edges
on the quantum well width for the square quantum well (solid
line), quantum well with piezoelectric fields (dashed line) and
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In this paper, authors investigate the influence of the indium surface segregation and piezoelectric polarization on the
band structure of the InGaN/GaN single quantum well. The obtained results evidence that the indium surface
segregation leads to the blue shift of the transition energy (70 meV for the segregation length 1nm at both
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COBMECTHOE BJIUSIHUE BHYTPEHHUX EJEKTPOCTATUUYECKUX MOJIEN U
MNOBEPXHOCTHOWM CEI'PETALIUU UHIUSI HA 30HHYIO CTPYKTYPY B INGAN/GAN
OJIMHOYHOM KBAHTOBOM SIME

B or1oii paboTe, aBTOpBI HCCICOYIOT BIMSHUE TOBEPXHOCTHOW Cerperaidd HWHIUS M Ibe303JICKTPUYECKON
MOJISIPU3alMU  Ha 30HHYIO CTpykTypy InGaN/GaN oauHO4YHON KBaHTOBOM siMbl. [lodydeHHbBIE pe3ylbTaThl
CBUIETENBCTBYIOT, YTO IIOBEPXHOCTHAS Cerperanus HHAUSA IPUBOIUT K «CHHEMY» CIABUTY 3Hepruu mnepexona (70 maB
JUIA AJIMHBI Cerperanuy | HM Ha KaXIOM reTeponHTepdeiice) B To BpeMs KaK MbE303JICKTPUYECcKas IOJIpH3alusl
o0ycnaBinuBaeT «kpacHbIi» casur. CoBMecTHOE felicTBre 000uX 3(h(EeKTOB OKa3hIBaeT BIMSHHUE Ha MOTEHIMATBH I
poMIb ONpeAenss JIMHEHHYIO 3aBUCHMOCTh SHEPIHHU TIepexoa OT MIMPUHBI KBAHTOBOM SMBI. [1be3031eKkTpryeckas
MOJIIPU3aLUs ABIAETCS Ipeolnafaromell mpyu OOMbIINX COAESPKAHUAX WHIMS, a IIOBEPXHOCTHAS CEerperarus HHIM
npeobnagaet npu MajioM conepkanuu HHAUA B In(x)Ga(1l-x)N TBepaoM pacTBope.

KiroueBsbIe CII0Ba: TOBEPXHOCTHAS CErperawusi, CTPyKTypa, KBaHTOBOE ITOJIE.
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CYMICHHUM BILJIMB BHYTPIIIHIX EJJEKTPOCTATUYHMX ITOJIB TA IIOBEPX!IEBOT
CEI'PETAII THAISI HA 30HHY CTPYKTYPY B INGAN/GAN INOOJUHOKII
KBAHTOBIM SIMI

VY po6oTi aBTOpHU AOCIIKYIOTh BIUIMB IIOBEPXHEBOI cerperamii iHmif 1 m'e30elIeKTpUYHOI MoJsipu3anii Ha 30HHY
crpykrypy InGaN/GaN moonuHokoi kBaHTOBOi siMu. OTpuMaHi pe3ylsTaTd CBiI4arh, 10 IOBEPXHEBA Cerperaiis
iH/Iis TPUBOAMTH J0 «CHHBOTrO» 3MilleHHs eHeprii nepexony (70 M3B Iuis JOBKHMHU cerperaiii 1 HM Ha KOXHOMY
reTepoinTepdeiici) y ToH yac sk I'e30eJeKTpUYHa MOIpH3aLisi 00YMOBIIOE «depBOHE» 3MinieHHs. CriibHa ai1 060X
edekTiB BIUIMBaE Ha MOTEHUIMHUHM Npodinh BHU3HAYAIOUM JIHIHHY 3aleKHICTH €HEpril mepexony Bif INMPHHU
KBaHTOBOI sAMHU. Il'e30esekTpudHa TOMIpH3aLlil € IEepeBaXAIOYOI0 IIPU BEIMKOMY BMICTI iHAIA, a IOBEpXHEBa
cerperanis iHAiA epeBakae Npyu ManoMy BMicTi iHaig B In(x)Ga(1-x)N TBepaoMy po3duHi.

Kiro4oBi cioBa: moBepXHeBa cerperailis, CTpyKTypa, KBaHTOBE ITOJIE.
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