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Effects of macroscopic polarization in III-V nitride multiple quantum wells
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Huge built-in electric fields have been predicted to exist in wurtzite III-V nitrides thin films and multilayers.
Such fields originate from heterointerface discontinuities of the macroscopic bulk polarization of the nitrides.
Here we discuss the background theory, the role of spontaneous polarization in this context, and the practical
implications of built-in polarization fields in nitride nanostructures. To support our arguments, we present
detailed self-consistent tight-binding simulations of typical nitride quantum well structures in which polariza-
tion effects are dominant.@S0163-1829~99!02235-3#
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I. INTRODUCTION

Spontaneous polarization has long been known to t
place in ferroelectrics. On the other hand, its existence
semiconductors with sufficiently low-crystal symmet
~wurtzite, at the very least! has been generally regarded as
purely theoretical interest. Recently, a series of first pr
ciples calculations1–3 has reopened this issue for the techn
logically relevant III-V nitride semiconductors, whose nat
ral crystal structure is, in fact, wurtzite. Firstly,1 it was
shown that the nitrides have a very large spontaneous p
ization, as well as large piezoelectric coupling consta
Secondly,2,3 it was directly demonstrated how polarizatio
actually manifests itself as electrostatic fields in nitride m
tilayers, due to the polarization charges resulting from po
ization discontinuities at heterointerfaces. This char
polarization relation, counterchecked in actualab initio
calculations,3 has been exploited to calculate dielect
constants.2

While piezoelectricity-related properties are largely sta
dard, spontaneous polarization is to some extent new
semiconductor physics, to the point that, so far, the pract
importance of spontaneous polarization in III-V nitrid
nanostructures~multiquantum wells, or MQW’s, are the fo
cus of this paper! has been largely overlooked. It is tantali
ingly clear to us, however, that these concepts may lead
direct and unambiguous measurement of the spontaneou
larization in semiconductors, to the recognition of its impo
tance in nitride-based nanostructures, and, hopefully, to
exploitation in device applications. Our work has alrea
spawned interpretations4 and purposely planned
experiments5 in this direction; in the hope of accelerating th
process, in this paper, we show how to account for the
fects of spontaneous polarization in MQW’s, and discu
some prototypical cases and their possible experimenta
alization. To support our arguments, we present simulati
of typical AlxGa12xN/GaN MQW’s where spontaneous an
PRB 600163-1829/99/60~12!/8849~10!/$15.00
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piezoelectric polarizations are about equal.
Among the consequences of macroscopic polarization

we will demonstrate in this paper let us mention the follo
ing: ~a! the field caused by the fixed polarization charg
superimposed on the compositional confinement potentia
the MQW, redshifts dramatically the transition energies a
strongly suppresses interband transitions as the well th
ness increases;~b! the effects of thermal carrier screening a
negligible in typical MQW’s, although not in massiv
samples;~c! a quasi-flat-band MQW profile can be approx
mately recovered~i.e., polarization fields can be screene!
only in the presence of very high free-carrier densities,
preciably larger than those typical of semiconductor la
structures;~d! even in the latter case, transition probabiliti
remain considerably smaller than the ideal flat-band valu
and this reduces quantum efficiency;~e! once an appropriate
screening density~i.e., the pumping power or injection cur
rent! has been chosen to ensure that the recombination ra
sufficient, a residual polarization fields is typically st
present: this provides a means to intentionally redshift tr
sition energies by changing well thicknesses, without cha
ing composition;~f! the very existence of distinct and sep
rately controllable spontaneous and piezoelectric polariza
components allows to choose a composition such that t
cancel each other out, leading to flat-band conditions. Ana
gously, for a proper choice of superlattice composition,
ezoelectric polarization can be made to vanish and hen
measure of spontaneous polarization can be acces
through, e.g., the changes in optical spectra. It is clear th
fuller understanding of these points will ultimately lead bo
to improvements in design and operation of real nitride
vices, and to the direct measurement of polarization, an
better knowledge thereof, in nitride semiconductors.

Before moving on, let us mention other recent contrib
tions in this area. Buongiorno Nardelli, Rapcewicz, a
Bernholc, using nonself-consistent effective-mass-based
turbation theory in the small field limit, have predicted6 red-
8849 ©1999 The American Physical Society
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shifts and transition probability suppression in InxGa12xN
quantum well; Della Salaet al., using self-consistent tight
binding calculations, have applied7 some of the ideas re
ported in this paper to InxGa12xN/GaN quantum well lasers
explaining several puzzling experimental features, am
which the high thresholds observed for GaN-based las
and several other aspects related to self-consistent scree
effects; Montecarlo simulations8 by Oberhuber, Vogl, and
Zandler, employing the polarization calculated in Ref.
have revealed a polarization-enhanced carrier density in
conduction channel of AlxGa12xN/GaN high electron mobil-
ity transistors. Takeuchiet al. have interpreted9 their own
measurement of a quantum-confined Stark effect
InxGa12xN/GaN superlattices as piezoelectricity induce
this is, as it turns out, essentially correct in their specific c
involving InxGa12xN, but not in general. Analogous resul
have been reported in Refs. 10 and 11, the latter includ
fairly detailed simulations, but only accounting for piez
electricity. Finally, a detailed theoretical exposition
effective-mass theory adapted to deal with piezoelec
fields is given in Ref. 12, including useful notation and ba
formulas, and some applications. Experimental work will
mentioned later; here let us just quote the very recent
dence that polarization-related effects on optical propertie
selected AlxGa12xN/GaN systems cannot be properly inte
preted if spontaneous polarization is neglected; circums
tial evidence was obtained4 by Leroux et al., while a more
carefully planned investigation, reaching firmer conclusio
has been carried out5 by Cingolaniet al.

II. PIEZOELECTRIC FIELDS

Piezoelectricity is a well-known concept in semiconduc
physics. Binary compounds of strategic technological imp
tance as III-V arsenides and phosphides can be force
exhibit piezoelectric polarization fields by imposing up
them a strain field.

Among others, applications of piezoelectric effects
semiconductor nanotechnology exist in the area
multiquantum-well ~MQW! devices. A thin semiconduto
layer ~active layer! is embedded in a semiconductor matr
~cladding layers! having a different lattice constant. I
pseudomophic growth occurs, the active layer will
strained and therefore subjected to a piezoelectric polar
tion field, which can be computed as

P(pz)5 eJ•eW ~1!

if the strain fieldeW and the piezoelectric constants tensoreJ
are known.

In a finite system, the existence of a polarization fie
implies the presence of electric fields. For the piezoelec
case, the magnitude of the latter depends on strain, pi
electric constants, and~crucially! on device geometry. The
structure of a typical III-V nitride-based superlattice
MQW is –C–A–C–A–C–A–C–~A5active, C5cladding!,
where both the cladding layer and the active layer are
general strained to comply with the substrate in-plane lat
parameter. In such a structure, the electric fields in the A
C layers are
g
rs,
ing
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EA
(pz)54pl C~PC

(pz)2PA
(pz)!/~ l C«A1l A«C!

~2!
EC

(pz)54pl A~PA
(pz)2PC

(pz)!/~ l C«A1l A«C!,

where«A,C are the dielectric constants andl A,C the thick-
nesses of layers A and C. Thus, in general, an electric fi
will be present wheneverPAÞPC. The above expression
are easily obtained13 by the conditions that the electric dis
placement be conserved along the growth axis, and by
boundary conditions that the potential energy on the far ri
and left of the MQW structure are the same.14

There are essentially three special cases of MQW st
tures worth mentioning:

~i! active~cladding! layer lattice matched to the substrat
PA50 (PC50);

~ii ! l A5l C, whenceEA52EC;
~iii ! l A!l C, implying EC.0, and hence,

EA
(pz)54pPA

(pz)/«A . ~3!

In the last case, we implicitly assumed the cladding layer
be unstrained – that is, its lattice constant to be relaxed to
equilibrium value because its thickness exceeds the crit
value for pseudomorphic growth over the substrate.P(pz)

may take any direction in general, but in normal practice
direction is parallel to the growth axis.15

To obtain piezoelectric polarization effects in zinc-blen
semiconductor systems, lattice-mismatched epitaxial lay
are purposely grown along a polar axis, e.g.,~111!; the in-
plane strain propagates elastically onto the growth direct
thereby generatingP(pz). In wurtzite nitrides, the preferred
growth direction is the polar~0001! @or ~0001̄)# axis, so that
any non-accomodated in-plane mismatch automatically g
erates a piezoelectric polarization along the growth axis~the
sign depends on whether the epitaxial strain is compres
or tensile!. We will be always be assuming this situation
the following.

Usually, alloys are employed in the fabrication
MQW’s. In that case, one may estimate the piezoelec
polarization in the spirit of Vegard’s law as, for a gener
strain imposed upon, e.g., an AlxGa12xN alloy,

P(pz)5@x eJAlN1~12x! eJGaN# eW~x!, ~4!

This expression contains terms linear as well as quadrati
x, and similar relations hold for quaternary alloys. This p
ezoelectric term is only present in pseudomorphic strai
growth, and will typically tend to zero beyond the critic
thickness at which strain relaxation sets in. Uncomforta
though it may be,16 the Vegard hypotesis is at this point i
time the only way to account for piezoelectric~and sponta-
neous, see below! fields in alloys. As will be shown below
indeed, the qualitative picture does not depend so much
the detailed value of the polarization field as on their order
magnitude.

III. SPONTANEOUS FIELDS IN MQWs

New possibilities are opened by the use of III-V nitrid
~AlN,GaN,InN!, that naturally cristallize in the wurtzite
structure. These materials are characterized by polariza
properties that differ dramatically from those of the stand
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PRB 60 8851EFFECTS OF MACROSCOPIC POLARIZATION IN III- . . .
III-V compounds considered so far. From simple symme
arguments,17 it can be shown that wurtzite semiconducto
are characterized by a nonzero polarization in their equi
rium ~unstrained! geometry, named spontaneous polarizat
~or, occasionally, pyroelectric, with reference to its chan
with temperature!.18 While the spontaneous polarization
ferroelectrics can be measured via an hysteresis cycle,
wurtzite this cannot be done, since no hysteresis can
place in that structure. Indeed, spontaneous polarization
never been measured directly in bulk wurtzites so far. III
nitride MQW’s offer the opportunity to reveal its existenc
and to actually measure it. In turn, spontaneous polariza
can provide new degrees of freedom, in the form of perm
nent strain-independentbuilt-in electrostatic fields, to tailor
transport and optical characteristics of nitride nanostructu
Its presence can, e.g., be exploited to cancel out the pi
electric fields produced in typical strained nitride structur
as discussed below.

Thanks to recent advances19 in the modern theory of po
larization ~a unified approach based on the Berry’s pha
concept!, it has become possible to compute easily and
curately from first principles the values of the spontane
polarization, besides piezoelectric and dielectric constant
III-V nitrides.1,2 The results of the calculations show th
III-V nitrides have important polarization-related properti
that set them apart from standard zincblende III-V semic
ductors:

~i! huge piezoelectric constants~much larger than, and
opposite in sign to those of all other III-V’s!;

~ii ! existence of a spontaneous polarization of the sa
order of magnitude as in ferroelectrics.

The latter is, we think, a most relevant property. Spon
neous polarization implies that even in heterostructure s
tems where active and cladding layers are both latt
matched to the substrate~so that no strain occurs, hence n
piezoelectricity!, an electric field will nevertheless exist du
to spontaneous polarization. In addition, unlike piezoelec
polarization, spontaneous polarization has afixed directionin
the crystal: in wurtzites it is the~0001! axis, which is~as
mentioned previously! the growth direction of choice for ni
trides epitaxy. Therefore the field resulting from spontane
polarization will point along the growth direction, and th
~a! maximizes spontaneous polarization effects in these
tems, and~b! renders the problem effectively one dime
sional. In the simplest case of a fully unstrained~substrate
lattice-matched! MQW, the electric fields inside the layer
are given, in analogy to Eq.~2!, by

EA
(sp)54pl C~PC

(sp)2PA
(sp)!/~ l C«A1l A«C!

EC
(sp)54pl A~PA

(sp)2PC
(sp)!/~ l C«A1l A«C!, ~5!

where the superscript (sp) stands for spontaneous; typic
spontaneous polarization values1 indicate that these fields ar
very large~up to several MV/cm!.

In actual applications~for instance, to produce unstraine
MQW’s! alloys will have to be employed. The values of th
spontaneous polarization are accurately known only for
nary compounds.1 In the absence of better estimates, we
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sume as before that the spontaneous polarization in al
can be estimated using a Vegard-like rule as~for, e.g.,
Al xInyGa12x2yN)

P(sp)~x,y!5x PAlN
(sp)1y PInN

(sp)1~12x2y! PGaN
(sp) .

In Fig. 1, we report the resulting spontaneous polarization
lattice constant for the III-V nitrides, with data from Ref. 1

Figure 1 shows that for a given~substrate! lattice con-
stant, a wide interval of spontaneous polarizations@hence of
spontaneous fields, according to Eq.~5!# is accessible vary-
ing the alloy composition. In particular, consider
GaN/AlxInyGa12x2yN MQW, where the composition is cho
sen so that the alloy be lattice matched to GaN, which
assume to be also the substrate~or buffer! material~dashed-
dotted line in Fig. 1!. Then, piezoelectric polarization van
ishes, but spontaneous polarization remains, and take
values up to;0.05 C/m2. For a GaN quantum well with
thick AlxGa12xN cladding layers, this means a theoretic
electrostatic field of up to about 5 MV/cm.

IV. FIELDS IN THE GENERAL CASE

In general, of course, MQW’s will be strained. Then, f
an arbitrary strain state, the electric fields in the A~or C!
layers of the MQW arethe sumof the piezoelectric and
spontaneous contributions

EA,C5EA,C
(sp)1EA,C

(pz) ,

whereE(pz) is the old-fashioned piezoelectric field from E
~2!, andE(sp) is given by Eq.~5!. It is important to stress tha
E(sp) depends only on material composition and not on
strain state. Also, it is a key point to notice that althou
both polarization contributions lay along the same direct
@the ~0001! axis#, P(pz) may have~due to its strain depen
dence! the same or the opposite sign with respect to the fix
P(sp) depending on the epitaxial relations.

It is difficult to give a simple picture of the electric fiel
pattern in a general MQW system because of the many
grees of freedom involved. Here, we consider
Al xGayIn12x2yN/GaN MQW pseudomorphically grown
over a GaN substrate, having active and cladding layers
the same thickness. In such a case

FIG. 1. Spontaneous polarization in AlxInyGa12x2yN alloys ac-
cording to a Vegard-like rule.
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8852 PRB 60VINCENZO FIORENTINI et al.
EA
(sp)1EA

(pz)[EA52EC[2~EC
(sp)1EC

(pz)!.

Note again, at this point, that the fields@see Eqs.~2! and~5!#
are not related to just the polarization of the material co
posing the specific layer, but a combination of polarizat
differences, dielectric screening, and geometrical factors20

We now consider the field values in the active layer: the to
field EA is shown in Fig. 2 vs Al and In molar fraction; th
same is done for the piezoelectric component in Fig. 3
both cases the appropriate Vegard-like rules have been u

Comparison of these figures clearly bears out the imp
tance of spontaneous polarization in determining the elec
field. Several aspects are worth pointing out. First, la
electric fields (;0.521 MV/cm) can be obtained alread
for modest Al and In concentrations. Second, it is easy
access compositions such that AlxInyGa12x2yN is lattice
matched to GaN: thereby, no piezoelectric fields exist,
large, purely spontaneous fields still do; specifically, t
situation is realized for compositions laying on the ze

FIG. 2. Total built-in electrostatic field in the active layer of
Al xInyGa12x2yN/GaN MQW system~see text! vs Al and In molar
fraction. Fields are in units of MV/cm, positive fields point in th
~0001! direction ~Ga-face!.

FIG. 3. Piezoelectric component of the electrostatic fields in
same MQW system as in Fig. 2~see text!.
-
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piezoelectric-field line in Fig. 3. On this locus of compos
tions, spontaneous polarization is the only source of field
it can therefore be measured via the changes it induces in
MQW spectra. Third, it is possible to choose the mate
composition in such a way that the active layers of a MQW
are free of electric fields. To achieve this situation the MQ
must be strained so that the piezoelectric and spontan
polarizations cancel each other out; clearly, this is realiz
for compositions laying on the zero-field line in Fig. 2. O
course the possibility of having a null field where desired
of capital importance in those devices where electric fields
the active layer cannot be tolerated~other field screening
mechanisms are discussed below!.

A noticeable feature of Fig. 3 is that the piezoelect
component increases much faster with In content that w
Al content, despite the larger piezoelectric constants of
latter. The reason is, of course, that strain builds up m
more rapidly with In concentration. Along with the sma
difference in spontaneous polarization between InN a
GaN, this is the reason why it is possible to interpret w
reasonable accuracy polarization effects in InxGa12xN/GaN
structures on the basis of purely piezoelectric effects, as d
in Refs. 9–11. On the other hand, it can be seen that
spontaneouscomponent increases much more rapidly w
Al content than with In content, due to the widely differe
polarizations of AlN and GaN. For AlxGa12xN,
piezoelectricity-based interpretations are bound to fail.

V. EFFECTS OF POLARIZATION FIELDS

We now come to the implications of polarization field
for devices based on III-V nitrides. In this section, w
present a set of accurate self-consistent tight-binding ca
lations for an isolated AlxGa12xN/GaN QW representing a
system in which the the spontaneous-polarization contri
tion to the total built-in electrostatic field is as large as t
piezoelectric term. To simulate realistically these nanostr
tures, self-consistency is needed to describe field scree
by free carriers; the latter cannot physically cancel out
polarization charge, which is fixed and invariable, but m
screen it out in part. In our calculations we therefore so
selfconsistently the Poisson equation and the Schro¨dinger
equation for a state-of-the-art empirical tight-binding Ham
tonian for realistic nanostructures.21 In the following, two
cases are considered:~a! nonequibrium carrier distribution
~Subsections A and B! related to photoexcitation or injection
where electron and hole quasi-Fermi levels are calculated
a given areal charge density (n2D) in the quantum well~the
sheet density, related to the injection current or opti
pumping power!; ~b! thermal equilibrium distribution~Sub-
sections C and D! where the Fermi level is calculated as
function of doping density by imposing charge neutral
conditions.21 We solve Poisson’s equation,

d

dz
D5

d

dzS 2«
d

dz
V1PTD5e~p2n!, ~6!

where the~position-dependent! quantitiesD,«, and V, are
respectively the displacement field, dielectric constant,
potential.PT is the ~position-dependent! total transverse po-
larization. The effects of composition, polarization, and fre
carrier screening are thus included in full.@Consistently with

e
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the aim of describing asingle QW, we choose boundar
conditions of zero field at the ends of the simulation regi
This corresponds to thel C→` limit in Eqs. ~2! and ~5!.#

The potential thus obtained is inserted in the Schro¨dinger
equation, which is solved diagonalizing an empirical tig
bindingsp3d5s* Hamiltonian.22 The procedure is iterated t
self-consistency. Further applications and details on the te
nique can be found elsewhere.7,21

Here we concentrate in particular on the polarizatio
induced quantum-confined Stark effect~QCSE! in zero ex-
ternal field, its control and quenching, and its evolution w
layer thickness. We first deal with the low-free-carrier de
sities regime: thereby the QCSE manifests itself as a str
redshift of the interband transition energy, with a concurr
suppression of the transition probability, both of these f
tures getting stronger as the well thickness increases. Th
the regime that applies to low-power operation or photo
minescence experiments.

Next, we discuss how the QCSE can be modified, a
eventually~almost! quenched, by providing the QW with
sufficiently high-free-carrier density. In this regime, as t
free-carrier density increases, the transition energy is p
gressively blueshifted back towards its flat band value,
the transition probability suppression is largely remov
The needed free-carrier density depends on the polariza
field, and not surprisingly it is found to be very substanti
Typical values of the sheet density range in the 1013 cm22,
as opposed to typical values of 1012 cm22 needed to obtain
lasing in GaAs-like materials.

A. QCSE at low power

The prototypical system we consider is an isolated G
quantum well cladded between AlxGa12xN barriers. In Fig.
4, we display the total fieldEA in the ~isolated! active well,
and its piezoelectric component as a function of the Al mo
fraction x. The spontaneous component is the difference
the two, and therefore approximately equal to the piezoe
tric one.23

The value we pick for our simulations isx50.2, a reason-
able compromise between the conflicting needs for not-t

FIG. 4. Total field and its piezoelectric component in t
GaN/AlxGa12xN QW discussed in the text.
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large fields, sufficient confinement, and technologica
achievable composition. In this case the valence offse
DEv50.064 eV. The total field in the QW of –2.2
MV/cm, and the spontaneous and piezoelectric compon
are –1.14 and –1.12 MV/cm, respectively. The minus sig
indicates that the field points in the (0001)̄ direction. The
bare polarization charge at the interface is proportional to
change in polarization across the interfaces, and it amo
to ;1.2831013 cm22. Thefield value mentioned above re
sults from this charge as screened by the dielectric respo
of the QW~the field change at the interface is thus related
a smaller, or screened, effective interface charge3!.

We performed a series of calculations for different w
widths, where the electron and hole confined states h
been populated~i.e., pairs have been created! with a density
of ;1011 cm22 to simulate a low-power optical excitation
We find that this density has only a very marginal effe
indeed, the potential is perfectly linear, i.e., the electrosta
field remains uniform, over the whole QW. The square-
triangular change in the potential shape causes a small b
shift of both the electron and hole confined states~referred to
the flat well bottom!, but the linear potential given by th
field causes a much larger relative redshift for any reason
thickness. Also, since the thermal carrier density fluctuati
are negligible at microscopic thicknesses and room temp
ture~see below, and Ref. 24!, one expects the QW band edg
profile to remain linear as a function of thickness, at least
the low excitation powers typical of photoluminescen
spectroscopy.

In Fig. 5 we show the tight-binding~TB! result for the

FIG. 5. Transition energy redshift and suppression of transit
probability vs well thickness. In the inset self-consistent band e
~solid!, electron and hole envelope functions of the TB wave fun
tions ~dashed! for a 50 Å -thick QW.
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lowest interband transition energy and the correspond
transition probability~i.e., the squared overlap of the highe
hole level and the lowest electron level envelope wa
functions21! as a function of QW thickness. Both the Sta
redshift and the strong suppression of the transition proba
ity are evident. This was to be expected from the poten
shape and the reduced overlap of hole and electron st
displayed in the inset of Fig. 5.

It is worth noting that the localization of the hole env
lope function in the well region is rather weak, because
large effective field blueshifts the hole bound-state ene
close to the valence barrier edge. This will generally be
case for low-x Al xGa12xN wells, due to the small valenc
confinement energy.3 Indeed, even the conduction confin
ment is small on the scale of the fields-induced poten
drop, and the electron bound state also tends to have
character of a resonance for smallx ~i.e., small confinement!.

We conclude that in the absence of excitation and at n
mal operation temperatures, or at low optical excitat
power, macroscopic polarization fields cause QW’s to
highly inefficient in emitting light, and the emission energ
to be considerably different than the gap of the material p
the confinement energies.

Comparison with experiment is tricky since most attem
to measure these effects are polluted by inappropriate~at
least for the purpose of revealing polarization effec!
choices of the experimental geometry. For instance, m
surements have been done4 in a seriesof quantum wells of
different thicknesses ranging between 10 and 50 Å .25 In any
case, the general experimental features4,10,9,26 are in full
agreement with the notion that the transitions are redshi
essentially linearly with increasing well thickness, and th
screening at low-free-carrier densities is irrelevant in t
class of systems. This is not quite true any more for th
layers, as will be discussed in Sec. V C.

B. QCSE quenching at high-excitation power

If carriers are generated optically, one can envisage th
sufficiently high-excitation power could possibly produce t
carrier density needed to screen the polarization field.
now calculate the properties of the QW as a function of
free-carrier areal density, to check if the redshift and
transition probability suppression can be removed in a ph
cally accessible range of such density.

We repeat the self-consistent procedure increasing
gressively the free charge density in the QW from 1012 up to
231013 cm22. We see in Fig. 6 that, albeit at the cost of
large increase of the QW free-carrier density, the field d
get progressively screened.

As can be seen in Fig. 7, at fixed thickness the reds
decreases as the carrier density increases, and it ten
become thickness independent at the highest densities.
transition probability is also increased by several orders
magnitude. However, the field is not screened abruptly
dies off gradually, with an effective screening length
about 20 Å for the largest density used here~of course, this is
a token of the larger spatial extension of the screening ch
as compared to the polarization charge3!: therefore, holes and
electron remain spatially separated to a large extent eve
high-carrier densities, and the trasition probability nev
quite goes back to unity. This is likely to be one of th
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reasons for the relatively low-quantum efficiency observed
typical nitride MQW devices. For the same reasons, the tr
sition energy never quite goes back to the flat-band va
~gap plus confinement energy!. Note in passing that becaus
of strain, in these calculationsEg

GaN53.71 eV, almost 10%
larger than the equilibrium value.

The screening density of order 231013 cm22 needed to
partially screen out the field corresponds to an estimate27

optical pumping power of about 10 to 20 kW/cm2 per well.
This figure agrees nicely with the unusually high-pumpi

FIG. 6. Self-consistent band edge~a! and electric field~b! for
various sheet densities (; excitation level! in a 50 Å-thick QW.

FIG. 7. Removal of redshift and recovery of interband transit
probability upon high excitation.



e
re

p
th
ze
a

on
es
ig

se

de

re
b
de

o
at
he

a
a

e

ab
k
ca
-

ee
f

io
p
a

io
e

iz
es
te
t
u

r-
st
n

on
he

th
ar
m

.e.,

oles
the

iza-
po-
ses
but

ing
at of

the
ing
ed,
ect

ce
cal

a

e
and

the
e
ical
lcu-

her
.
of

lcu-
tent

. 8
st
ll

the

PRB 60 8855EFFECTS OF MACROSCOPIC POLARIZATION IN III- . . .
powers4,10,26,28 needed to obtain the laser effect in nitrid
structures. The explanation is simply that much of the f
charge being generated actually goes into screening the
larization field. On the other hand, our result prove that
optically activated lasing conditions can indeed be reali
in practice, although with high-pumping powers, so th
there seems to be no need to invoke quantum dot formati20

or other exotic effects to explain lasing in nitride structur
On the other hand, the same phenomenon explains the h
current threshold observed for electrically driven GaN-ba
lasers.29–31

QCSE quenching phenomena similar to those just
scribed have been observed9 by Takeuchi et al. in
InGaN/Gan MQW’s, with estimated fields in the 1 MV/cm
range. The redshift and optical inefficiency were in fact
moved, although only in part and in a transient fashion,
sufficiently high-excitation powers. The order of magnitu
of the values reported in Ref. 9 is;200 kW/cm2 for 5 to 10
MQW periods, i.e., 20 to 40 kW/cm2 per well, in qualitative
agreement with our estimate above.

One important remark at this point is that, depending
the excitation power, the MQW will adsorb radiation
many different transition energies ranging from that of t
built-in-field–biased well~low-power limit! to the quasi–
flat-band well ~high-power limit!-that is, the MQW acts a
multistable switch. It is indeed fortunate that the typic
fields in these structures are such that one can physic
access the various possible regimes.

Another noticeable effect is that at a properly chos
value of the sheet density~i.e., of the excitation power! one
can obtain at the same time a reasonable transition prob
ity anda redshifted energy by just increasing the well thic
ness. This is very useful since the transition wavelength
be shifted to a different color without changing alloy com
position, but only the well thickness. For instance~see Fig.
7!, changing the well thickness from 20 to 30 Å at a sh
density of 431012 cm22, one obtains an energy redshift o
0.1 eV at the cost of a loss of a factor 10 in recombinat
rate, which may still be acceptable depending on the ap
cation. Redshifting the transition energy in this fashion m
avoid the need to add, e.g., some In in the QW composit
Of course,blueshifting by thickness reduction will increas
the transition probability.

C. Self screening of fields in massive samples

Free charge produced by high-excitation screens polar
tion fields fairly efficiently over the quite short distanc
typical in nanostructures, basically because the spatial ex
sion of the screening charge is comparable to the size of
system. How about extended samples, especially if not s
jected to illumination, i.e., having only intrinsic free ca
riers ? It is indeed the case that no macroscopic fields exi
‘‘infinitely large’’ samples even in the absence of high de
sities of ~say! photogenerated carriers. The simple reason
that the intrinsic carrier fluctuations in an undoped semic
ductor rise exponentially as a function of deviations of t
chemical potential from the midgap value.24 In polarized ni-
trides, such deviations occur due to the built-in fields. As
sample thickness increases, the potential drop grows line
When the drop is smaller than the gap, the field is unifor
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uEu54pP/«0. When the drop approaches the gap value, i
for thicknesses approachingdc5Egap/uEu, the Fermi level
nears the band edges: consequently, large amounts of h
and electrons are generated on the opposite sides of
sample. These intrinsic carriers screen partially the polar
tion charges, preventing the gap from closing. The total
tential drop is thus pinned at the gap value for all thicknes
d.dc – that is, the effective gap decreases down to zero,
not below. Ford.dc , the field will decrease as

uEu5Egap/d.

For this picture to hold, the spatial extension of the screen
charge at the sample surface must be comparable with th
the polarization charge~a few Å at most3! and much smaller
that the sample size. This will cause the field inside
sample to remain uniform, since the net effect of screen
will be to change the effective polarization charge. Inde
this assumption turns out to be verified in practice on dir
inspection, as we discuss below.

Clearly, the above mechanism will strongly influen
QW’s of thicknesses equal to, or larger than, the criti
value dc . For the system we are considering here, with
built-in field of –2.26 MV/cm, the critical value isdc;165
Å. To confirm our picture, we simulated QW’s with the sam
composition and geometry considered in Subsection B,
thicknesses below and abovedc , to mimic the crossover
from a ‘‘microscopic’’ to a ‘‘macroscopic’’ sample. In this
case, we need to describe very extended bulk regions on
left and right of the QW, in order to account for the larg
screening length. Thus, we have made use of a class
Thomas-Fermi model, where the charge densities are ca
lated with Fermi-Dirac statistics of a classical system rat
than by solving the Schro¨dinger equation in the TB basis
This allows to consider devices with a spatial extension
several hundreds of microns. Effective masses in this ca
lation were fitted to accurately reproduce the self-consis
TB results.

The resulting self-consistent potential is shown in Fig
for well thicknesses of 100, 200, 300, and 400 Å. A fir
point to note is that the field remains uniform for all we

FIG. 8. Field self screening in a thick layer near and above
critical thickness.
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thicknesses. The field value equals the polarization field
the smallest thickness~smaller thandc!; for the thicker wells,
the field ~while remaining uniform! indeed decreases pro
gressively as}1/d.

Photoluminescence experiments are not expected to
able to reveal this effect~which should cause a saturation
the redshift as function of thickness! in very thick QW’s,
since the effective recombination rate rapidly becomes v
ishingly small. Experiments aiming to reveal this effe
should be designed considering our result, that a very th
layer is effectively subjected to a uniform electrostatic fie
Egap/d. In an unstrained GaN QW, ford.dc ~the latter be-
ing typically of order 100-200 Å or so depending on t
polarization! the field is;3.4 V/d, i.e., ;70 kV/cm for d
50.5 mm. This is presumably sufficient to cause observa
bulklike effects such as shifts in response functions or fi
effects on impurities.

A similar ‘‘self-screening’’ behavior has been reveal
indirectly in devices comprising sufficiently thick layers.
Ref. 32 a 300 Å-thick Al0.15Ga0.85N layer was grown on a
very thick GaN substrate, and topped with a Schottky c
tact. The predicted field in the AlxGa12xN layer is 1.4 MV/
cm, which would cause a potential drop of 4.2 eV across
layer. The maximum reasonable potential drop dictated
Schottky barriers, conduction offset, and Fermi level is ab
1 eV, so it must be the case that the polarization charge
largely screened by electrons from the GaN layer, formin
high-density two-dimensional electron gas~2DEG! at the
heterointerface; this, by the way, causes an enhanced
ductivity in the active channel. CV depth profiling indee
reveals a 2DEG at the interface.32 An equivalent, more for-
mal description is that the field would force the met
determined Fermi level to some 3 eV above the conduc
band of GaN, thus attracting towards the interface an en
mous carrier density, which screen out~part of! the field.
Note in passing that in Ref. 32 only piezoelectric polariz
tion was considered, which leads to an underestimation
the 2DEG density, since the piezoelectric contribution is
tually about one third of the total interface charge. Simi
considerations apply to other similar experiments.33 The re-
cent device simulation of Ref. 8 has corrected this po
including in part the spontaneous-polarization interfa
charges.

D. Suppressing QCSE by doping

We have seen in the previous sections that polariza
fields can be screened to a reasonable extent by generati
free charge ofboth kinds in the QW upon, e.g., optical ex
citation. Qualitative problems with this screening mechani
are that~a! it is transient, since it disappears when photoe
citation or current injection are removed, and that~b! in
purely electronic~i.e., nonoptoelectronic! devices, it is un-
likely that the high densities needed can be reached in
mal operating conditions. Besides, the current is not cons
in time, so that the well shape also changes in time.

It is natural to presume that the same effects can
achieved in a permanent fashion using extrinsic carriers f
dopants. The idea is to provide the well with carriers, wh
would screen the polarization charge, excepts that now
electrons are released into the QW from the doped barr
r
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and not injected or photogenerated. Of course, this effec
not transient as the others discussed previously. The prob
is, how high must the doping density be to achieve the sa
level of screening as in a high-optical excitation regime. W
simulated a 50 Å-thick Al0.2Ga0.8N/GaN single QW, where
the barriers have been dopedn-type in the range from 1017 to
1020 cm23 and the donor ionization energy34 have been se
to 10 meV. In this simulation, we used again the selfcons
tent TB approach. The resulting conduction band profile
displayed in Fig. 9 for the various doping densities.

The polarization field raises the conduction band on
left side over the Fermi energy, and in order for the barr
conduction band to reach the Fermi level on the far left,
electrons are transferred from the left-side barrier into
QW, leaving behind a large depletion layer. As a con
quence of the electron flow into the QW, the polarizati
field start to get significantly screened at doping densi
above ;1019 cm23. The existence of a depletion laye
causes a large band bending in the left-side barrier, while
bending is absent in the left half of the well. This is qui
different to the case of the photoexcited well, where t
bending on the left side of the well was due to hole accum
lation near the interface~see Fig. 6!. This explains why the
field remains nearly uniform in the left half of the well for a
of the simulations performed. On the right side of the we
only a small bending due to the electron accumulation
present. Indeed electron localization is quite weak in th
systems, since the confinement potential is small as c
pared to the field-induced drop, and electrons tend to s
over to the right-side barrier. This is likely to be case in
nitride systems in this composition range.

From these results, we conclude that doping can indee
used to screen polarization fields. While it is not obvious t
the needed doping level can always be reached in practic
is likely that a combination of doping and current injectio
or photoexcitation will generally succed in quenching pol
ization fields in the range of MV/cm, thus allowing for re
covery of quasi-flat-band conditions. Fields
InxGa12xN/GaN systems will be generally smaller than tho
in AlGaN/GaN systems for typical compositions in use t
day, and will therefore be more easily amenable to treatm

FIG. 9. Conduction-band edge of a remotely-dop
GaN/AlxGa12xN quantum well.
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by the above technique. This procedure has in fact b
adopted in experiment by Nakamura’s group,10 which re-
ported that a doping level of 1019 cm23 is sufficient to
quench the QCSE to a large extent. Indeed, in th
In0.15Ga0.85N/GaN MQWs the unscreened field
;1.2 MV/cm, i.e., approximately a half of the one we co
sidered here. This field will be more easily screened by
mote doping, in qualitative agreement with our findings.

VI. SUMMARY AND ACKNOWLEDGMENTS

In conclusion, we have discussed how macroscopic~and
in particular, spontaneous! polarization plays an importan
role in nitride-based MQW’s by producing large built-
electric fields. Contrary to zincblende semiconductors,
III-V nitrides–based devices the spontaneous polarizatio
an unavoidable source of large electric fields even in latt
matched~unstrained! systems. The existence of these fiel
may also be used as additional degree of freedom in de
design: for instance, for an appropriate choice of alloy co
position, spontaneous and piezoelectric fields may be ca
to cancel out, thus freeing the structures from built-in fiel
We have also discussed the different regimes of free-ca
tt.
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screening, effected by doping or optical excitation, show
that fields can be screened only in the presence of high
carrier densities, which leads to unusually high lasing thre
olds for undoped QW’s. Of course, our results about
effects on the electronic structure apply qualitatively to a
kind of polarization field, thus in particular also to piezoge
erated ones.

Note added in proof.Further evidence of spontaneous p
larization fields has recently been gathered; in particular
O. Ambacheret al., J. Appl. Phys.85, 3222 ~1999! and R.
Laugeret al., Appl. Phys. Lett.74, 3827 ~1999!. A deriva-
tion and discussion of the formulas discussed here will
pear in F. Bernardini and V. Fiorentini, Phys. Status So
~to be published!.
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