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Polarization charge screening and indium surface segregation in„In,Ga…NÕGaN single
and multiple quantum wells

O. Mayrock,* H.-J. Wünsche, and F. Henneberger
Humboldt-Universita¨t zu Berlin, Institut fu¨r Physik, Photonik, Invalidenstrasse 110, D-10115 Berlin, Germany

~Received 13 April 2000!

Energies and oscillator strengths of the optical transitions in~In,Ga!N/GaN quantum-well structures with
thin cap layers are investigated theoretically. Based on a self-consistent solution of the Schro¨dinger-Poisson
equations, the internal fields generated by spontaneous surface charges and piezoelectric interface charges are
systematically discussed for different sample configurations under consideration of indium surface segregation.
We vary background doping density, thickness of the cap layer, number of quantum wells, indium content, and
polarity of the structure. Indium surface segregation is shown to result in a blueshift of the transition energy
and in a decreased optical matrix element at the same time. Background doping influences the band-edge
alignment not only via screening of the polarization charge at the material interfaces by quantum-confined
carriers, but also via ionized dopants in depletion layers. This becomes particularly important in case of
Ga-face-grown material withn-type doping. We find that the position of the quantum well within the sample
severely affects transition energy and optical matrix element.
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I. INTRODUCTION

~In,Ga!N attracted much interest in the last few yea
since it has become the key material in commercial fabr
tion of long-lifetime light-emitting diodes~LED’s! and laser
diodes~LD’s! for the blue to ultraviolet spectral range. Up
now, exclusively~In,Ga!N is used as active region in thes
devices. However, the light-emitting mechanism is not
fully understood because this material system exhibits so
peculiarities.

The rather poor structural material quality in terms of d
fect density, compositional homogeneity, abrupt interfac
etc. compared to other heterostructures is mainly a co
quence of a strong chemical difference between GaN
InN. It results in ~i! a broad solid phase miscibility gap1

between GaN and InN, giving rise to phase separation,
~ii ! a large lattice mismatch between well and barrier ma
rial associated with a high dislocation density. Much eff
has been made to investigate spatial extension and dep
compositional fluctuations2,3 as well as their impact on th
optical properties. The huge Stokes shift of the emission
has been attributed to carrier localization in band-tail stat4

Another peculiarity results from the polar axis of th
wurtzite crystal structure and the strong polarity of the III
bindings. All group-III nitrides in the wurtzite phase have
strong spontaneous macroscopic polarization and large
ezoelectric coefficients. This has been found fromab initio
calculations.5,6 The abrupt variation of the polarization a
surfaces and interfaces gives rise to large polarization s
charges that in turn create internal electric fields of the or
of MV/cm. A huge redshift of the transition energy and
strong increase of the carrier lifetime due to the quantu
confined Stark effect are marked features in the optical sp
tra of ~In,Ga!N/GaN quantum wells, extensively debated
many publications.7–13 First estimates were restricted to th
bare field profiles for single and multiple quantum we
~SQW’s and MQW’s! in undoped material. They yielded
PRB 620163-1829/2000/62~24!/16870~11!/$15.00
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qualitative understanding of the spectra.7–10 More elaborate
self-consistent calculations of the Schro¨dinger and Poisson
equations allowed one to explain shifts of transition ene
and modifications of carrier lifetime by screening of pola
ization charges and potential fluctuations in highly dop
samples or under high excitation.11,14–17

In this paper, we give a detailed description and analy
of the overall electric-field situation along the growth dire
tion in ~In,Ga!N/GaN SQW’s and MQW’s. We focus on
sample design with a thin cap layer, typical of excitati
experiments. In this situation, both the spontaneous sur
polarization charge of the cap and the piezoelectric interf
polarization charges of the wells influence the band-e
alignment, and thus optical transition energies and ma
elements. Previous calculations reported in the literature
to now treated only the case where QW’s are decoupled f
the sample surface,11,14–16or MQW’s in a p-n junction and
transistor structures.17 Our results demonstrate that optic
transition energies and matrix elements depend sensiti
on the design of the structure.

Furthermore, we investigate for the first time the co
bined impact of polarization fields and indium surface se
regation. A strong tendency of indium surface segregat
during the growth of~In,Ga!N can be expected as a cons
quence of the large difference between the free binding
thalpies of GaN and InN.3,18–20 This effect is well investi-
gated for comparable arsenide heterostructures.21–25 Segre-
gation limits the indium incorporation and smoothes t
structural transitions between well and barrier materia
Hence it redistributes the polarization charge into a wid
space region, so that the resultant electric field may be m
different from that for ideal interfaces.

We present a self-consistent treatment of Poisson
Schrödinger equation for various experimentally relevant g
ometries of ~In,Ga!N/GaN SQW’s and MQW’s. For the
~In,Ga!N well material, the homogeneous alloy model
adopted. This simplifying assumption appears to be justifi
in our case since the macroscopic redistribution of cha
16 870 ©2000 The American Physical Society
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due to the screening of polarization fields in a QW stack
not much affected by compositional inhomogeneities in
wells. Furthermore, several characteristic experimental fi
ings like the dependence of the emission energy on the
width8,26 ~quantum-confined Stark effect! and the emission
energy shift induced by injection current11 or by photoin-
duced excitation density15 could be explained with this ap
proximation.

The paper is organized as follows. The theoretical mo
and the range of parameters are given in Sec. II. The res
of the self-consistent calculations for different segregat
profiles of an otherwise fixed SQW are discussed in Sec.
Section IV follows with a detailed analysis of the electri
field situation of SQW’s and MQW’s with a fixed represe
tative segregation profile for various experimentally relev
geometries. We discuss the different physical situations w
an emphasis on the screening of polarization fields. To al
simple estimates for a given sample, analytical approxim
tions are derived for the field profile in all cases. The pape
summarized in Sec. V.

II. THEORY

We consider wurtzite InxGa12xN/GaN SQW’s and
MQW’s with a thickness ofd53 nm, as widely used in
LED’s and LD’s. The growth axis is the crystallographicc
axis. The QW’s are assumed to be pseudomorphically gro
on a relaxed GaN buffer and capped with a GaN layer. Th
representative indium concentrationsx50.05, 0.1, and 0.2
will be compared. A constant donor concentrationND
throughout all layers is assumed. The cases of low, medi
and high doping are considered, represented byND55
31016, 531017, and 531018 cm23, respectively.

The band-edge energy discontinuities at heterointerfa
can be expressed as

Ea~x!5jaEg~x! ~a5e,h!, ~1!

where je5DEe /DEg and jh5DEh /DEg512je are the
relative band offsets in the conduction and valence ban
respectively. For the dependence of the band-gap energEg
of strained InxGa12xN on x, we use the common interpola
tion

Eg~x!5Eg
GaN~12x!1Eg

InNx2bx~12x!. ~2!

The bowing parameterb phenomenologically accounts fo
the nonlinearity of the relation. The material parameters u
in the calculation are listed in Table I.

The polarization in wurtzite nitrides is oriented along t
c axis. The total polarization of InxGa12xN can be written as
a function of the indium content,5,7

P~x!5e33e'~x!12e31e uu~x!1Psp~x!, ~3!

where the first two terms describe the strain-induced~piezo-
electric! part, oriented in the@0001# direction @according to
the compressive strain state of~In,Ga!N pseudomorphically
grown on relaxed GaN#. The spontaneous contributio
Psp(x) points in the@0001̄# direction.ei j are the coefficients
of the piezoelectric tensor, and
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e uu~x!5
aGaN2a~x!

a~x!
and e'~x!5

c̃~x!2c~x!

c~x!
~4!

are the strain components parallel and perpendicular to
QW plane, respectively. The corresponding lattice consta
are denoteda andc. Vegard’s law is assumed for calculatin
the relaxed lattice constantsa(x) and c(x) of the ternary
~In,Ga!N alloy. The actual lattice constantc̃(x) of the
strained~In,Ga!N QW is determined by the elastic constan
Ci j of the material

c̃~x!5c~x!S 122
C13

C33
e uu~x! D . ~5!

Two possible orientations of the spontaneous polariza
with respect to the growth direction have to be distinguish
The polarization vector points toward the substrate in cas
Ga-face polarity and toward the surface in case of N-fa
polarity.33 Both polarization types can be grown, and will b
compared in the following. The orientation of thez axis is
always chosen along the spontaneous polarization, i.e., in

@0001̄# direction.
P@x(z)# varies with the vertical coordinatez via the varia-

tion of the indium content, and hence exhibits discontinuit
at the respective interfaces. These spatial variations ofP give
rise to the polarization charge density

TABLE I. Calculation parameters. The abbreviation lin. in
stands for linear interpolation.

Parameter GaN InN ~In,Ga!N

a (nm)a 0.3189 0.354 lin. int.
c (nm)a 0.5185 0.570 lin. int.
Eg (eV)b 3.4 1.8
b ~bowing! (eV)c,b 2.5
me /mo

d,b 0.2 0.2
mh /mo

e,b 1.0 1.0
«b 9.5 12.0 lin. int.
T (K) 300 300
DEC /DEV

f 70/30
Psp (C/m2)g 20.029 20.032 lin. int.
e33 (C/m2)g 0.73 0.97 lin. int.
e31 (C/m2)g 20.49 20.57 lin. int.
C11 (GPa)h 367 223 lin. int.
C12 (GPa)h 135 115 lin. int.
C13 (GPa)h 103 92 lin. int.
C33 (GPa)h 405 224 lin. int.

aReference 27.
bThese numbers are typical values within the according spect
given in literature. The choice of these parameters is not crit
concerning the qualitative results of our calculation.

cReference 28.
dReference 29.
eReferences 29 and 30.
fReference 31.
gReference 5.
hReference 32.



ea

n
o
i-
c
a

lec

ro

i-
tic
d
te

ic
c

on
to
ob

e

h
ca
s
is
h

at
o

ffe
so

ith
in-

ed
ran-

hese
lcu-
s to

r
er-
on
by
n-
to

d
al-

s-
ual

en-
r-

ly
tates
a-
th
m
ier
or
ts.
on-
po-

s

n

ial
the

16 872 PRB 62O. MAYROCK, H.-J. WÜNSCHE, AND F. HENNEBERGER
rpol~z!52
]

]z
P@x~z!#, ~6!

that in turn creates huge electric fields. The abrupt disapp
ance of the spontaneous polarizationPsp at the surface
causes a bare field as large asuFspu5uPsp /««0u
'3.5 MV/cm. Inside the QW, the piezoelectric contributio
dominates the polarization, because the spontaneous p
izations of GaN and InN do not differ noticeably. It is or
ented opposite to the spontaneous polarization, and the
responding bare piezoelectric fields range between 0.85
3.5 MV/cm for the investigated compositions.

The mutual interaction of these fields and occupied e
tronic states can be described by the Schro¨dinger–Poisson
system of equations. The energies«a

k and wave functions
ca

k(z) of the electron and hole subbands are determined f
the single-particle effective-mass Schro¨dinger equations

F2
\2

2ma

]2

]z2
1Va~z!Gca

k~z!5«a
kca

k~z!, a5e,h, ~7!

with the potentials

Va~z!5Ea~z!1qaf~z!. ~8!

k labels the subbands.Ea(z) are the band-edge discontinu
ties according to Eq.~1!, the second term is the electrosta
contribution.qe52e and qh51e denote the electron an
hole charges, respectively. All charge densities of the sys
act as sources of the electrostatic potentialf(z) according to
the Poisson equation

]2

]z2
f~z!52

e@nh~z!2ne~z!1ND#1rpol~z!

««0
. ~9!

The particle densities herein are given by

na~z!5Na(
k

uca
k~z!u2 ln~11e(F2«a

k)/kT!, ~10!

whereF is the Fermi energy andNa5makT/p\2 is an ef-
fective two-dimensional density of states.T5300 K is used
in all calculations presented below, corresponding to dev
applications at room temperature. We have redone some
culations for lower temperatures. Although the distributi
of carriers among the subbands changed noticeably, the
sheet densities in the QW’s was less sensitive, and the gl
field profile changed only slightly.

Because the densities depend in turn on the subband
ergies and wave functions, the basic equations~7!–~10! be-
come coupled and have to be solved self-consistently. T
calculation was performed iteratively, using the numeri
method of finite differences.34,35 The polarization charge
were simulated by additional, fully ionized dopants, d
cretized in 1-Å-wide steps on the numerical space grid. T
Schrödinger equation is solved only in a limited region th
includes the cap layer, the QW stack, and some ten nan
eters of the buffer. Vanishing of the wave functionc is used
as boundary condition on both sides. The rest of the bu
layer is treated as a bulk material. There only the Pois
equation is solved with the expression
r-
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na~z!5Na
3dF1/2S F2Ea2qaf

kT D ~11!

for the particle densities on the right hand side.F1/2 is the
Fermi integral with index 1/2 andNa

3d52(2pmakT/h2)3/2.
The buffer layer is assumed to be very thick compared w
the heterostructure, so that the influence of the substrate
terface is negligible.

During the self-consistency run only sufficiently occupi
subbands are accounted for. However, to obtain optical t
sition energies and overlap integrals*dzce(z)ch(z), unoc-
cupied states have to be considered as well. Therefore, t
additional subband energies and wave functions were ca
lated by a postprocessing procedure. Restricting ourselve
confined states only, the Schro¨dinger equation is solved fo
each QW separately using again the method of finite diff
ences. This simulates only the situation of low excitati
density, where the band-edge alignment is not altered
photoexcited carriers. Our calculation of the transition e
ergy includes furthermore a perturbative correction due
exciton binding36 for densities below the Mott transition, an
due to the exchange contribution to the band-gap renorm
ization above the Mott transition. The Mott transition is a
sumed to occur when the band-gap renormalization is eq
to the exciton binding energy.

III. INDIUM SURFACE SEGREGATION

Due to the large difference between the free binding
thalpies of GaN and InN,18 indium surface segregation du
ing the growth of~In,Ga!N can be expected.3,19,20As a result,
the profile of incorporated indium is not rectangular
shaped, as usually assumed for calculating subband s
and optical properties. However, it is rather difficult to me
sure the actual distribution of indium along the grow
direction.3 In most cases only the nominal integral indiu
content of one QW-barrier period, and the well and barr
thicknesses in a MQW are known from the growth process
from experiments like, e.g., x-ray-diffraction measuremen
In this section, we discuss the consequences of n
rectangularly shaped indium profiles in the presence of
larization fields.

To mimic the indium profile, several suggestion
have been made in literature,3,21–23 most of them for
arsenides.21–23 We use error functions with segregatio
lengthsLsi and Lsn for the inverted~InGaN-on-GaN! and
normal ~GaN-on-InGaN! interfaces, respectively,

x~zi6d!55
0, d,0

xo erfS d

Lsi
D , 0<d,d

xo erfS d

Lsi
D F12erfS d2d

Lsn
D G , d<d,

~12!

wherezi denotes the position of the inverted interface, andd
is the distance fromzi in the growth direction. Accordingly,
the positive sign on the left side holds for N-face mater
and the negative one for Ga-face material, accounting for
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different orientations of thez axis. The parameterx0 is used
to set the mean indium content*dd x(zi6d)/d to the desired
value.

There is experimental indication for an asymmetry of t
segregation length at the two interfaces with respect
growth direction.3 For arsenides, this is confirmed expe
mentally in several different ways,22,23,25 and can be ex-
plained by a local equilibrium model for the growt
process.22 In general, the segregation length of the mo
weakly bound III component in ternary III-V compounds
known to be a function of growth parameters like the III-
ratio and the substrate temperature.21–24 Since no values for
Lsi andLsn for ~In,Ga!N/GaN heterostructures are availab
from experiment, we tried to make a reasonable cho
keepingLsi at 0.5 nm and varyingLsn from 0.5 nm to 2 nm
@see Fig. 1~a!#. The integral indium content was kept fixe
The calculation was executed for ad53 nm SQW, scanning
the whole range of parameters given in Sec. II. As an
ample, indium profiles~a!, polarization charge densities~b!,
self-consistently calculated band edge profiles and subb

FIG. 1. ~a! Indium profile, ~b! polarization charge density,~c!
self-consistently calculated band-edge alignments, and sub
functions of a Ga-face grown 3-nm In0.1Ga0.9N/GaN SQW with a
background donor density ofND5531017 cm23, and a 50-nm cap
layer for different indium segregation profiles. The segregat
length at the inverted interface is 0.5 nm, and that at the nor
interface is varied as indicated in the legend.
o

e,

-

nd

functions ~c! for a Ga-face grown SQW withx50.1 and a
50-nm cap layer are displayed in Fig. 1.

In the case of weak and symmetric segregation (Lsi
5Lsn,d), the polarization field remains nearly unchang
@dotted and short-dashed lines in Fig. 1~c! are parallel inside
the QW#, and the transition energies are only slight
changed. A small blueshift as well as redshift can occ
depending on the specific set of parameters. Electron
hole wave functions are somewhat shifted in the growth
rection, but the overlap is hardly modified.

A clear blueshift is obtained with increasingLsn . It
reaches about 30, 60, and 100 meV for compositionsx
50.05, 0.1, and 0.2, respectively, in case of the largest s
regation lengthLsn52 nm. This segregation-induced corre
tion compensates for up to one-third of the correspond
quantum-confined Stark shift of 90, 210, and 470 me
respectively, for the rectangular QW withND55
31016 cm23. Two combined effects contribute to this be
havior. First, the material gap within the QW increases
cause the indium profile becomes not only broader but a
flatter in order to conserve the total amount of incorpora
indium. Second, the flattening of the profile is accompan
by a reduction of the strain. Hence the amount of polari
tion charges at the interfaces drops down. This effec
clearly observable in Fig. 1~b! as a reduction of the ampli
tude of the charge-density profile at the inverted interface.
a consequence, the field strength in the QW decreases
ducing the quantum-confined Stark shift.

For ideal interfaces, a reduced polarization field wou
also raise the electron-hole overlap. Conversely, segrega
results in a significant reduction of the overlap down to a
proximately a factor 0.2 forx50.2. Although the spatial ex
tensions of the subband functions increase in the pre
case, the overlap is reduced due to a counteracting incr
of the separation between electrons and holes. Because o
asymmetry of the segregation lengths at the two interfac
the shift of the electron wave function toward the surface
larger than the shift of the hole wave function@see Fig. 1~c!#.

Concluding so far, the optical transitions are blueshift
with increasing indium surface segregation in the conside
3-nm-wide SQW’s. This blueshift compensates for up
one-third of the redshift from the quantum-confined Sta
effect. It is accompanied by a further reduction of the osc
lator strength due to the asymmetry of the segrega
lengths. In Sec. IV, we consider different positions of SQ
and MQW structures. To keep the efforts limited, the furth
calculations are carried out with a fixed choice ofLsi
50.5 nm for the inverted andLsn51 nm for the normal in-
terface, representing a lower limit for the segregation.

IV. POLARIZATION CHARGE SCREENING

The electric field generated by the polarization charg
rpol is modified by fields caused by mobile carriers and do
ant space charges according to Poisson equation~9!. There-
fore, the optical properties of a QW do not only depend
its local composition but also on the global distribution
polarization and screening charges. In this section, we st
the screening situation for different types of heterostructu
Because group-III nitrides tend to exhibitn-type conductiv-
ity, we focus on this case.
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A. Homogeneous GaN slab

It is useful to start with the most simple case, a layer
homogeneous, unstrained GaN. Spontaneous polariza
here causes surface charge densities of about60.03 C/m2.
Without screening, these charges would cause a voltage
across a 1-mm-thick layer as large as 350 V. However, it
well known16 that screening by mobile carriers reduces t
voltage down to approximately the gap voltageEg /e. The
self-consistently calculated band-edge alignments, displa
in Fig. 2, show this behavior for all considered doping co
centrations. Three different types of screening charges
pear.

~a! Close to the N face, the conduction band falls bel
the Fermi level. This is the signature of an electron accum
lation layer shielding the positive polarization charge. B
yond this layer, which is only few nm wide, the field streng
is practically zero.

~b! The valence-band edge lies above the Fermi level
at the Ga face. For the consideredn-type material, this indi-
cates an inversion layer. This layer is thinner than the e
tron accumulation layer at the N face due to the larger d
sity of states in the valence band.

~c! The inversion layer screens the surface polarizat
charge not completely. The residual field drops to zero du
the space charge of the ionized impurities within an exten
surface depletion layer.

Useful analytical approximations of some quantities c
be found from device physics37 when neglecting the finite
width of the inversion layer and considering that the cond
tion band edge of then-type GaN is practically at the Ferm
level EF . Then the band edges in the surface depletion la
vary quadratically:

Ee~z!5EF1EgS z

ws
21D 2

. ~13!

The corresponding values for the width of the surface de
tion layer,

FIG. 2. Band-edge alignment along thec axis of a bare GaN
layer for several background donor densities. The Ga face is a
origin of the abscissa, and has a negative polarization charge; t
face at the opposite side has a positive polarization charge.
arrows indicate the border of the depletion layer according to
~14!.
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ws5A2Eg««0

e2ND

, ~14!

are indicated by arrows in Fig. 2. It can be seen that form
~14! gives a good approximation of the fully self-consiste
calculation. The electric-field strengthF52(]/]z)f in the
surface depletion layer decreases approximately linearly w
z to zero:

F~z!52
eND

««0
~ws2z!. ~15!

The corresponding sheet charge density of the invers
layer at the Ga face is given by

s inv5Psp2A2EgND««0. ~16!

All these estimates hold as long asws remains smaller than
the slab thicknessD and the space chargeeNDws is smaller
than Psp . For realistic dopings and thicknesses, this is
ways the case, and the top and bottom of the slab are de
pled by a field-free bulk layer. Therefore, the field situati
on top of the slab is independent of the substrate proper
In the less realistic limit of a vanishing doping density, t
surface depletion layer would fill the whole slab with a co
stant residual fieldF5Eg /eD. To summarize, a Ga-face
grown n-type sample will exhibit a combined hole inversio
and depletion layer at the surface, whereas the polariza
charges on top of a N-face-grown sample are screened b
electron accumulation layer.

Fermi-level pinning by gap states at the surface m
modify the situation. In this case positively charged surfa
states take over the role of the inversion layer,Eg has to be
replaced in the above considerations byEc2EF at the sur-
face, and the space-charge region becomes accordingly
ner. However, Fermi-level pinning requires that the dens
of these surface states is larger than the high number de
of polarization charges of approximately 1013 cm22. De-
pending on the preparation of the samples, this may be
case, but there are not many investigations on this up
now.38 Therefore, we do not consider this effect in the fo
lowing.

B. Single quantum well

Now we consider a SQW withd53 nm, embedded in
n-type GaN. In Ga-face-grown samples, the depletion la
can penetrate the QW and alter its properties. This is not
case in N-face-grown material. To investigate this effect,
compare N- and Ga-face-grown samples with two differ
cap layer thicknesses in each case. The results of the ca
lations for the four geometries are summarized forx50.1 in
Fig. 3. In the following, the differences between these fo
geometries are discussed in detail.

1. N-face sample with thick cap

The band profile of a N-face-grown QW with a 50-nm c
layer in the high doping caseND5531018 cm23 is given by
the solid line at the right side of Fig. 3~c!. Within some nm
above the negatively charged interface of the QW,
conduction-band edge lies above the Fermi level. The e
trons from this depletion layer have been transferred to

he
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FIG. 3. ~a! and ~c! Self-
consistently calculated band-edg
alignments of a Ga-face-grown~a!
and N-face-grown ~c! 3-nm
In0.1Ga0.9N/GaN SQW’s for vari-
ous background donor densitie
and for 10- and 50-nm cap layers
respectively. Thez axis is always
oriented along the direction of the
spontaneous polarization of re
laxed GaN with the origin at the
surface. The effect of indium sur
face segregation is included~see
Sec. III!. The surface is at the ori-
gin of the abscissa.~b! and ~d!
Transition energy and electron
hole overlap integral as function
of a homogeneous background d
nor density.
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first electron subband in the QW, the band edge of which
below the Fermi level. The voltage drop caused by the
cess electrons in the QW and the space charges just com
sates for the voltage dropFp3d of the bare piezoelectric
field Fp across the QW. As a consequence, the band ed
become horizontal and equal to the bulk values on both s
sufficiently far from the QW. As long as this holds, the Q
is not influenced by the surface, and has itsintrinsic configu-
ration.

It is useful to obtain analytical estimates for the releva
quantities characterizing this configuration. For this purp
we approximate the excess electrons in the lowest subb
by a negative charge sheet located at the positive interfac
the QW, assume an abrupt space-charge layer of widthw,
and again apply standard device physics.37 Vanishing fields
sufficiently far from the QW requirese52eNDw for the
sheet density of excess electrons. Furthermore, the vol
drop across all screening charges has to compensate fo
voltage dropFp3d of the bare polarization field across th
QW. This yields

w5dA 2sp

eNDd
~17!

for the width of the depletion layer, measured from the po
tively charged interface of the QW. The field in this lay
varies like

F~z!52
eND

««0
~zi1w2z!1FpQQW~z!, ~18!

where zi is the position of the positively charged inverte
interface of the QW. The functionQQW(z) is a projector to
the well. It is equal to unity inside the QW, and vanish
outside.

The transition energies@Fig. 3~d!# exhibit a blueshift by
about 80 meV when increasing the donor concentration fr
s
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en-

es
es
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531016 to 531018 cm23. 40- and 150-meV blueshifts ar
obtained for the alternative compositionsx50.05 and 0.2,
respectively. The blueshift is accompanied by an increas
the electron-hole overlap@Fig. 3~d!#. This is the anticipated
behavior, commonly attributed to the increased screening
the polarization fields. Figure 3~c! shows, however, that the
reduction of the field is not sufficient for explaining the shi
In addition, the band-edge alignment in the space-cha
layer of the barrier changes, which strongly increases
hole confinement energy. The combination of both effect
responsible for the total blueshift and the increase of
overlap.

2. N-face sample with thin cap

For the 10-nm cap layer, the space-charge layer in
barrier is restricted by the electron accumulation layer at
surface for all doping concentrations investigated. The b
profile of the cap layer and QW become independent ofND
and, hence, the transition energy and electron-hole ove
do as well@see the left side of Fig. 3~c! and open circles in
Fig. 3~d!#.

3. Ga-face sample with thick cap

In Ga-face samples, the band-edge profile of the QW
superimposed by the field in the depletion layer beneath
surface, so that the transition energy and electron-hole o
lap can be changed. Band profiles calculated for the sam
with the 50-nm cap layer can be assigned to two cases@see
the right side of Fig. 3~a!#. For the highest doping, the su
face depletion layer is thinner than the cap and does
influence the QW, which remains in its intrinsic configur
tion, as already discussed above. The small difference
transition energy to the corresponding N-face case is cau
by the asymmetry of the segregation profile. In the case
the two smaller doping concentrations, the QW is loca
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within the surface depletion layer, and the band edges
sufficiently far from the Fermi level so that the QW is n
filled with carriers. The total potentials in the latter case
the superpositions of the respective QW potential~including
the potential of the polarization charges!, and the potential of
the surface depletion layer, given by Eq.~13!. The resulting
net field inside the space-charge layer is approximately gi
by

F~z!52
eND

««0
~w̃s2z!1FpQQW~z!. ~19!

The depletion width increased to

w̃s5wsA11
eFpd

Eg
~20!

to keep the total potential drop at the GaN gap voltageEg /e.
Herews is the width of the surface depletion layer without
QW, given by Eq.~14!.

Now we discuss the behavior of the total polarization fie
inside the QW when increasing the background doping d
sity ND . The surface depletion contribution toF ~first term!
has a sign opposite to that of the polarization contributi
thus reducing the transition redshift by counteracting
quantum-confined Stark effect. It vanishes for zero dop
density, yielding the maximum field strengthFp , and in-
creases like;AND as long as the widthw̃s of the surface
depletion layer remains much larger than the thickness of
cap. The corresponding blueshift of the transition energie
depicted in Fig. 3~b!. With a further increase ofND , the
depletion contribution reaches a maximum forw̃s52dcap ,
resulting in a saturation of the blueshift. Beyond this va
the depletion contribution decreases and vanishes again
w̃s→dcap , leaving behind the QW in its intrinsic configura
tion. However, a possibly related transition redshift does
occur. The dominant effect of the increasing hole confi
ment energy resulting from the steeper band edge alignm
in the lower barrier yields a further blueshift of the transiti
energy, seen in Fig. 3~b!. In addition, the screening effec
from the successive filling of the electron groundstate s
band with electrons from ionized donors contributes to
blueshift.

Although the screening mechanisms are different, the
tal blueshift obtained when increasingND from 531016 to
531018 cm23 is approximately equal to the shift observed
case of the N-face QW with a 50-nm cap~80 and 150 meV
for x50.1 and 0.2, respectively!. In the case of a Ga-face
grown QW withx50.05 and a 50-nm cap layer, the interpl
of the different screening mechanisms indeed results i
nonmonotonic behavior of the transition energy with incre
ing ND , displayed in Fig. 4. For a QW with a smaller indiu
concentration, the filling of the electron subband appear
higher ND due to the weaker confinement and the sma
unscreened field.

4. Ga-face sample with thin cap

The band profiles of a Ga-face sample with a 10-nm
layer @left part of Fig. 3~a!# show some new effects with
respect to the thick cap case. First, the net field in the Q
vanishes for the highest donor concentration, in accorda
re
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with Eq. ~19!. A highly blueshifted transition could be ex
pected. However, due to the segregated indium profile
the strong field in the depletion layer, the hole barrier
reduced to an extremely small value, and captured carr
will escape very quickly. If the characteristic escape time
much smaller than the radiative lifetime, no radiative em
sion from this QW can be expected. Therefore, no transit
energies and overlap integrals are plotted for high dop
and a small cap width.

Second, for weakest doping, the valence-band maxim
in the QW approaches the Fermi level, so that the h
ground state becomes occupied, forming a further invers
layer. The former surface depletion layer is now shifted in
the sample, and a new thin surface depletion layer appe
Because of the relatively large density of states in the
lence band, the band profile in the QW and the cap laye
nearly fixed by the requirement that the hole level is close
the Fermi energy. Thus the transition energy and electr
hole overlap remain nearly unchanged with increasingND ,
until the occupation of the hole subband becomes negligi

The blueshifted transition energies and larger overl
with respect to the thicker cap layer are consequences o
field distribution in the surface depletion layer. The thinn
the cap layer, the higher is the depletion field and the m
pronounced the counteraction of the quantum-confined S
effect. Summarizing the case of a SQW inn-type GaN, we
have found the following four qualitatively different situa
tions.

~1! Intrinsic configuration of the QW:Sufficiently far
from the surfaces, the polarization charges induce a thin e
tron accumulation layer at one interface in the QW and
rather thick space-charge region extending into the oppo
barrier. With increasingND , the anticipated blueshift occurs

~2! QW close to a N-terminated surface:The band profile
and transition energy are independent ofND .

~3! QW in the surface depletion layer:The transition en-
ergy is modified by the local electric field in the depletio
layer and depends strongly on position and doping level.

~4! QW close to a Ga-terminated surface:In case of low
doping concentrations, the band profile and transition ene
are fixed by the occupation of the hole level in the QW.

FIG. 4. Transition energy of a Ga-face-grown 3-n
In0.05Ga0.95N/GaN SQW with a 50-nm cap layer in dependence o
homogeneous background donor density with and without the c
sideration of indium surface segregation.
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the case of high doping (ND.531017 cm23) and low in-
dium concentration (x<0.1), carrier localization may be ab
sent as a result of segregated interfaces and a high field in
surface depletion layer.

C. Multiple quantum well

In MQW structures, different QWs may experience d
ferent electric-field situations. In case of a Ga-face-gro
MQW stack, the upper QW’s reside within the surface dep
tion layer, whereas the lower QW’s may already be bel
this region. This gives rise to a set of transition energies,
an extra inhomogeneous broadening of the optical transi
feature. We discuss the self-consistent band profiles of a
ries of Ga-face-grown MQW stacks with different numbe
of QW’s, donor concentrations, and compositions. The w
width is d53 nm, the barriers and the cap layer aredb
5dcap58 nm wide.

Figure 5 shows the result for a ten-period structure w
x50.1. In the case of medium and high doping,ND55
31017 and 531018 cm23, respectively, the situation is a
expected. The band profile in the depletion layer is appro
mately given by the superposition of the potential of t
MQW and the space-charge potential. The resulting fi
strengthF(z) and the widthw̃s of the depletion layer are stil
well described by Eqs.~19! and~20! when the total width of
all depleted QW’s is used ford. Below the depletion layer
the band profiles of the QW’s are periodic. The interplay
segregation and a strong field in the surface depletion la
hinders the uppermost QW from confining carriers~see the
solid lines in Fig. 5!.

For very high doping, the profile of every period of th
stack is equal to the intrinsic configuration of a SQW, d
cussed in Sec. III, and the fields of neighboring QW’s a
decoupled and given by Eq.~18!. Decreasing the doping
level, we arrive at a situation where the available sp
charge is limited by the MQW period, and the screening
the polarization field in the QW’s is reduced in comparis
with a SQW. Again using the approximations and notatio

FIG. 5. Self-consistently calculated band-edge alignment of
face-grown 3-nm~well!/8-nm ~barrier! In0.1Ga0.9N/GaN 10MQW’s
for various background donor densities. The surface is at the or
of the abscissa. The effect of indium surface segregation is con
ered~see Sec. III!.
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of Sec. III, and demanding periodicity of the electrosta
potential, the electric-field profile within one period now b
comes

F~z!52
eND

««0
~zi1L2z!1FPQQW~z!1F0 . ~21!

Herezi again denotes the position of the positively charg
inverted interface of the respective QW,QQW(z) is again the
domain function vanishing outside and is unity inside a Q
and L5dQW1db is the MQW period. The additional term
F05eNDL/2««02FPd/L is the residual field strength at th
borderz5zi1L to the adjacent QW. This field profile be
comes independent of the doping for donor concentrati
below sP /eL. Since the latter quantity is as high a
1019 cm23, the field profile of an undoped MQW is reache
for donor concentrations of 1018 cm23 and below.

An unexpected band profile is obtained in the low dopi
case,ND5531016 cm23. The valence-band-edge maxim
of all QW’s come close to the Fermi level, so that they a
slightly populated with holes. This is the configuration of
MQW in p-type material. A closer inspection of the calc
lated charge and potential distributions shows~i! that the
hole occupation in the QW’s builds up at the expense of
surface inversion layer;~ii ! that the occupation of the QW’s
is not strictly uniform but has maxima in the first and la
QW; and ~iii ! that the depletion layer is shifted into th
sample, now emerging beneath the deepest QW and hav
width ws given by Eq.~14!.

Finally, to obtain a measure of how the distribution
optical transition energies and optical matrix elements affe
a transition spectrum, we added the transitions of all cont
uting QW’s in the form of phenomenologically broaden
Gaussian curves, each positioned at the respective trans
energy and equally weighed. In-plane inhomogeneities
compositional fluctuation and interface roughness are c
sidered only implicitly by assuming a finitex-dependent line-
width for each transition~50 meV forx50.05, 80 meV for
x50.1, and 100 meV forx50.2), accounting for the ten
dency of larger linewidth in case of higher indium content39

In Fig. 6, we see an additional broadening of the MQ
transition spectra compared to the SQW transition, se
tively depending on the screening situation and the indi
content. Especially for an indium concentration ofx>0.1
and a doping density ofND>531017 cm23, when the width
of the depletion layer is in the same range like the thickn
of the MQW, this broadening effect is strong and can a
lead to a deformation or even splitting of the spectrum. Hig
energy features always stem from the last grown QW’s
rectly under the sample surface. According to Eq.~15!, there
is the strongest depletion field, resulting in the strong
blueshift of the transition via counteracting the quantu
confined Stark shift. The relative heights of a multipe
spectrum, as well as the details of an emission line sha
depend sensitively on the relative contributions of each Q
These are in turn results of the mechanisms of absorpt
relaxation, diffusion, transfer between the QW’s, and rad
tive and nonradiative recombination, which are beyond
scope of this paper.
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FIG. 6. Optical transition spectra of Ga-face-grown 3-nm~well!/8-nm ~barrier! InxGa12xN/GaN SQW’s, 5MQW’s, and 10MQW’s for
various indium contentsx and background donor densitiesND . The effect of indium surface segregation is considered~see Sec. III!. In the
case of a SQW, no line is drawn if carrier confinement cannot be expected due to a strong field in the depletion layer and low
barriers. Forx50.2, all QW’s contribute to the spectrum. Forx50.1, the last grown QW of the 5MQW and 10MQW does not contrib
if the background densityND>531017 cm23. In the case ofx50.05, the same holds for the last two grown QW’s, except for the 10MQ
at ND5531017 cm23, where only seven QW’s contribute to the spectrum. Independent of the number of QW’s contributing to the sp
the total intensities are normalized.
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V. SUMMARY

We self-consistently calculated the band-edge alignme
of ~In,Ga!N/GaN SQW’s and MQW’s in an effective-mas
model. On this basis, the influence of polarization cha
screening and indium surface segregation on transition e
gies and electron-hole overlap integrals were investiga
We varied the background doping density, the thickness
the cap layer, the number of QW’s, the indium content, a
the polarity of the structure.

Indium segregation was shown to result in a blueshift
the emission energy compensating for up to one-third of
respective quantum-confined Stark shift. This blueshift is
companied by a decrease of the electron-hole overlap c
pared to a rectangular indium profile, with the same integ
indium content due to the asymmetry of the segrega
lengths at the interfaces.

We showed that background doping influences the tra
tion energy and overlap not only via screening of the po
ization charge at material interfaces by mobile quantu
confined carriers, but also via ionized dopants in deplet
ts

e
er-
d.
of
d

f
e
-
-

l
n

i-
-
-
n

layers. Therefore, the position of the QW in the sample w
respect to an extended depletion layer—which was show
exist in Ga-face-grown material withn-type doping—
severely affects transition energy and electron-hole over
The interplay of the screening effects can even result i
nonmonotonic shift of the emission energy with increas
background donor density.

An optical transition spectrum of a Ga-face grown MQ
can display shoulders or even a multipeak structure, depe
ing sensitively on the background doping density and on
magnitude of inhomogeneous in-plane broadening. This
fect is due to the spatial variation of the field strength in t
surface depletion layer in Ga-face grown structures w
n-type doping.
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