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Calculations of carrier localization in In xGa1ÀxN

Lin-Wang Wang
National Energy Research Scientific Computing Center, Lawrence Berkeley National Laboratory, Berkeley, California 9472

~Received 21 December 2000; published 4 June 2001!

The electronic structures of cubic InGaN systems are calculated using an atomistic empirical pseudopotential
method. Two extreme cases are studied. One is a pure InN quantum dot embedded in a pure GaN matrix,
another is a pure InxGa12xN alloy without clustering. We find hole localizations in both cases. The hole wave
function starts to be localized as soon as a few In atoms segregate to form a small cluster, while the electron
wave function only becomes localized after the number of In atoms in the quantum dot becomes larger than
200. The hole state is also strongly localized in a pure InxGa12xN alloy, on top of randomly formed~110!
directioned In-N-In chains. Using one proposed model, we have calculated the hole energy fluctuation, and
related that to photoluminescence linewidth. The calculated linewidth is about 100 meV, close to the experi-
mental results. Wurtzite InGaN is also studied for optical anisotropies. We find that in both quantum dot and
pure alloy, the polarization is in thexy plane perpendicular to thec axis of the wurtzite structure.

DOI: 10.1103/PhysRevB.63.245107 PACS number~s!: 71.15.Dx, 71.20.Nr, 78.20.2e
tiv
re
tu
f
-
fo
ia
th
a

io
r

ou
ve
t i
c

lu
a

re
s

n
th
hi
c
an

an
in
E
a

th
pi

r
.

to
ent
ent,
in
wn
or
nt

um
ur-
e
ergy
not
er-
e-
n

-
se

the
ul
tem
es

tum
the
re

n
al-
ill

to
thod
sN

pre-
In-
I. INTRODUCTION

The success of blue color lasing using InGaN as the ac
material1–3 has inspired a tremendous amount of recent
search in this material. The coexistence of the high quan
yield of the photoluminescence~PL! and the high density o
the threading dislocation4 indicates strong carrier localiza
tion. This means that an exciton is localized in space be
it can reach the impurity sites to be annihilated nonrad
tively. One current focus of research is to understand
mechanism of this localization. One possibility is the form
tion of InN quantum dots in the InGaN alloy.5–8 Another
possibility is the localization caused by natural composit
fluctuations in pure InGaN, without clustering and the fo
mation of quantum dots.9,10

Although there are mounting experimental reports ab
the inhomogeneity of the In composition in GaInN, exclusi
evidence for the formation of nanometer InN quantum do
yet to come. A spatially resolved cathodoluminescen
spectra11 shows the PL from localized spots, but the reso
tion is too gross to resolve fine structures in nanometer sc
Atomic force microscope images11 also show grooves in an
uncapped InGaN sample. But it is not clear how that is
lated to possible In concentration fluctuation. Recent re
nant Raman-scattering experiments12,13show that the In con-
centration in the area of wave-function localization is arou
80%, much larger than its nominal concentrations in
samples studied. However, as we will point out later, t
could be true even in a pure InGaN alloy. A more dire
measurement comes from the cross-section image of tr
mission electron microscopy~TEM!.14 It does show some
nanometer scale dotlike structures in InGaN multiple qu
tum wells, and large local In concentration fluctuations
such systems. However, caution must be taken, since a T
image represents a projection sum of the charge density,
is affected more by strain than the chemical identities of
atoms. One often cited reason for In segregation is the s
odal instability of InxGa12xN alloy for the x range of the
samples studied here. This is concluded from valence fo
field ~VFF! calculations15 of the atomistic strain in the alloy
0163-1829/2001/63~24!/245107~7!/$20.00 63 2451
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The separation of the In rich part and the In poor part is
release the strain. However, this is only true for incoher
separation of these two parts. If the system is still coher
the formation of the quantum dot will only increase the stra
energy, rather than decrease it. This is shown in our o
VFF calculations. So, the spinodal instability is only true f
incoherent formation of the quantum dot, not for cohere
formation. For a nanometer quantum dot, if each quant
dot is incoherent to its matrix, there might be too much s
face ~or dislocation! energy to justify the gain due to th
release of strain energy. Thus, unless the dislocation en
and the growth kinetics are studied carefully, one can
simply conclude that the quantum dot must be formed th
modynamically due to the spinodal instability. A recent r
fine calculation16 showed that the surface solubility of In i
GaN ~which is relevant for vapor-phase growth! is much
higher than the bulk solubility. As a result, for low In con
centration, clustering of In is not expected in vapor-pha
grown samples.

Given the current experimental uncertainties about
quantum dot formation and its profile in InGaN, it is usef
to theoretically investigate the electronic states of the sys
in different scenarios. Here we will study two extreme cas
at the two ends of the spectrum. One is a pure InN quan
dot embedded in a GaN matrix. Here the variable is
diameter D of the quantum dot. Another case is a pu
InxGa12xN alloy, without any clustering~or say short- and
long-range ordering!. The variable here is the In compositio
x. We will study, in each case, how strong the carrier loc
ization is, and what the wave function looks like. We w
study them as functions of the variablesD andx.

II. METHODS

We will use empirical pseudopotential calculations
study these systems. The empirical pseudopotential me
~EPM! has been used to study InGaN and InGaA
systems17,18 previously. Its reliability and applicability to
such systems have been investigated before. However,
vious studies either focused on the As rich side of the
©2001 The American Physical Society07-1
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LIN-WANG WANG PHYSICAL REVIEW B 63 245107
GaAsN quanternary system,17 where the property is domi
nated by the impurityN, or on a single In impurity18 in GaN.
No systematic study has been carried out to address the
rier localization issue in the InGaN system. Here, we will u
exactly the same EPM as in the previous work18 to study the
carrier localization.

In the empirical pseudopotential method, the total pot
tial of the system is constructed non-self-consistently fr
screened individual atomic potentialsva . This leads to a
single particle Hamiltonian:

F2
1

2
“

21 (
a,Ra

va~r2Ra ;e i j !Gc i~r !5e ic i~r !, ~1!

where$Ra% are the atomic positions of atom speciesa. The
screened atomic potentialsva are fitted to experimental an
first-principle calculated band structures, band offsets, ef
tive masses, and deformation potentials. They explicitly
pend on the local atomic strainse i j in order to mimic the
charge density self-consistency. The wave functionc i(r ) is
expanded in a plane-wave basis with an energy cutoff of
Ry. In this paper, we have used exactly the same scree
atomic pseudopotentialsva as given in Ref. 18. Unlike othe
empirical pseudopotentials, for which different N atomic p
tentials are used in InN and GaN, the current EPM has
same N potential for both InN and GaN. This enhances
reliability of the EPM in this system. The Schrodinger equ
tion ~1! is solved using the folded spectrum method19 for
the valence-band maximum~VBM ! and conduction-band
minimum ~CBM! states for periodic systems containin
thousands of atoms. The calculations are carried out o
NERSC’s Cray T3E parallel computer via a program cal
ESCAN.20

III. InN QUANTUM DOT IMBEDDED IN A GaN MATRIX

We first study zinc-blende InGaN systems. The spin-o
splitting is only about 10 meV in the cubic system,21 thus we
have neglected it in our calculation. We first study the c
of an InN quantum dot embedded in a GaN matrix. T
effects of a single In atom has been studied in Ref. 18. It w
found that a single In atom will induce a resonant VB
state. This resonant state has a strong wave function pe
the In atom, but is not energetically bound~thus localized!.
Starting with this single In atom, we add more In atoms
form In clusters~quantum dots!. More specifically, in a GaN
crystal, within a sphere of radiusR centered at one catio
site, we have changed the Ga atoms to In atoms. We h
created 6 quantum dots in this way, with their numbers o
atoms being 1, 13, 43, 201, 627, and 1433. For the 13
atom case, it corresponds to one central In atom and 12
first nearest neighbors. The diameters of these 6 quan
dots are 3.5, 8.3, 12.4, 20.8, 30.4 and 40.0 Å, respectiv
To embed these InN quantum dots in a GaN matrix, for
first three quantum dots, we have used a supercell of 4
atoms (4a34a34a, wherea is the lattice constant!, while a
32 768 atom supercell (8a38a38a) is used for the last 3
quantum dots. The VFF~Ref. 22! method is used to relax th
24510
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internal atomic positions. The same VFF parameters use
Ref. 18 are used here.

The calculated hole and electron wave functions
shown in Fig. 1 and their energies are plotted in Fig. 2. Fr
the calculation, we have the following observations:~1! The
hole wave function is localized starting from the 13

FIG. 1. Wave-function squares of VBM and CBM of InN qua
tum dots embedded in GaN matrix. For the three small dotsNIn

51,13, and 43, the supercell box is 8a38a38a, wherea is the
lattice constant, while a 16a316a316a supercell is used for the
three larger quantum dots. ForNIn51,13, and 43, their CBM’s are
not bound, and not shown here.

FIG. 2. The CBM and VBM energies for the six quantum do
shown in Fig. 1. For the three small dots, their CBM’s are n
bound. Thus we have used the bulk GaN CBM energy to repre
their CBM energies.
7-2
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CALCULATIONS OF CARRIER LOCALIZATION IN InxGa12xN PHYSICAL REVIEW B 63 245107
cluster.~2! The electron wave function is not localized un
~after! the 201-In atom cluster. But, here we have not co
sidered the Coulomb interaction between electron and h
The electron wave function can be bound to the hole
forming an exciton. Thus, even in the 13-In atom case,
exciton can be localized through the localization of the ho
There are 3 bound electron states in the 1433-In atom q
tum dot.~3! In the large quantum dots~e.g., 627 and 1433 In
atoms!, the hole wave functions are localized around t
~110! corners of the quantum dot~although the quantum do
itself is spherical!. The same phenomena have been obser
previously in InP quantum dots embedded in GaP.23 ~4! The
hole binding energy, as shown in Fig. 2, saturates quic
around 600 meV after the number of In atoms becom
larger than 43.

In summary, a small segregation of In atoms will
enough to localize the hole wave-function in a pure G
matrix.

IV. PURE InGaN ALLOY

We next study the case of pure InxGa12xN zinc-blende
alloy. In this case, In atoms are randomly distributed at
zinc-blende cation sites. No short- and long-range orders
ist in such a system. Again, the internal atomic positions
relaxed using the VFF model, and the wave functions in
~1! are solved using the folded spectrum method. The qu
tion here is, is there a carrier localization in such a syste
Figure 2 shows a VBM wave function in a 32768 atom s
percell of In0.2Ga0.8N. The VBM wave function is localized
in a slim cylinder shape about 15 Å long, while the CB
wave function~which is not shown here! is extended uni-
formly. Upon a closer inspection, we found that the VB
localization site corresponds to a single chain of In atoms~or
say an In-N-In chain!. This chain is formed by chance, and
a large enough supercell, such a chain will always ex
Many random configurations of InxGa12xN alloy were cal-
culated, and we always found the VBM localized on top
such In atom chains. Logarithmic projection views along a
perpendicular to the cylinder axis are also shown in Fi
3~b! and 3~c!, respectively. They reveal a decay lengthl of
3.8 Å in an exp(2x/l) description of thec2 tail. This VBM
state should be the localized tail states in the density-of-s
of a random system, as described by Anderson’s and
shits’s theories.24,25The difference between this system and
more conventional system like GaxAl12xAs is the size of the
localization. In the Ga0.4Al0.6As alloy, the VBM state is lo-
calized in a region, which encompasses more than 20
atoms,26 while here, the number of In atoms related to t
localization is around 5–7. Due to this strong localizatio
the cause of the localization is better described by the
dom formation of the In-N-In chains, rather than compo
tion fluctuation in one area. Thus, the characterization of
carrier localization in this system is different from the co
ventional alloy. This will lead to different results~e.g., the
trend of PL linewidth withx) from the conventional alloys
Notice that the eigenenergy of the VBM state in Fig. 3
27.285, which is higher than some of the eigenenergie
Fig. 2, which are 27.812, 27.467, 27.364, 27.322,
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27.271, and27.223, respectively, from the small to th
large quantum dots.

One important quantity to be calculated is the photolum
nescence~PL! linewidth. To calculate this quantity, let u
first propose a model of the carrier dynamics in the PL p
cess. In this model, the electron and hole pair is optica
excited randomly at one position. Then the hole will diffu
to a nearby localized state, and stay there. The electron
be attracted to the hole by the Coulomb interaction, and t
form an exciton. The radiative emission will come from th
localized exciton. The localization and the energy fluctuat
are due to the hole state. The diffusing distance of the h
should be smaller than the average impurity-impurity d
tance, so the exciton will not be annihilated nonradiative
by impurities.

Guided by this model, we propose here a method to c
culate the energy fluctuation. We first take anL3L3L su-
percell. We then assign theNc cation sites in the supercell t
In and Ga atoms according tox and 12x probabilities. For
each alloy configuration, the number of In atomsNIn in the
system may be different from the nominalxNc . This leads to
an actual compositionx85NIn /Nc for this particular con-
figuration. As a result, the length of the supercell sizeL is
adjusted accordingly.27 After the VFF atomic position relax-
ation, the calculated VBM state in this supercell will be t
final hole state of one photoluminescence event. By rep
ing the calculation with different alloy configurations, w
will have the random fluctuation of the PL energy.

One uncertainty of this approach is the sizeL of the su-
percell. The volume of the supercell represents the area
the hole explored for higher-energy states before its radia

FIG. 3. The VBM wave-function square in a pure In0.2Ga0.8N
alloy. The supercell box is 16a316a316a, wherea is the lattice
constant.
7-3
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LIN-WANG WANG PHYSICAL REVIEW B 63 245107
decay. One can use the average diffusion lengthDh of the
hole forL. That will probably overestimate the supercell vo
ume, since not all the areas inDh3Dh3Dh might have been
effectively explored by the hole. The second way of estim
ing L is the following. For the hole to stay in its final loca
ized statea1, its hopping timet to another higher-energ
statea2 should be longer than its radiative decay timet. In
our supercell calculation, thea1 is the VBM inside the su-
percell, anda2 could be a state in an adjacent superc
Thus, on average, thea12a2 distance isL. Then the overlap
u^a1ua2&u2 should be exp(2L/l), wherel is the decay length
of the localized state (3.8 Å as shown in Fig. 3!. If we as-
sume the hopping time ist0 if a1 anda2 are spatially on top
of each other, thent5t0 exp(L/l). On the other hand, ifa0 is
the Bohr radius of the electron wave function bound to
localized hole, then the optical oscillator strength should
P0V/(4pa0

3/3), whereV is the hole localization volume an
P0 is the oscillator strength when there is a full overl
between electron and hole. Thus,t5t0(4pa0

3/3)/V, andt0

is the radiative lifetime corresponding toP0. Then finally,t
;t can be used to estimateL. This leads to L
5l ln$@t0(4p/3)a0

3/t0V#%. One uncertainty in this formula is
t0. But fortunately, the final result ofL is not very sensitive
to its exact value. We can uset051 ps, as estimated from
phonon cooling in a semiconductor quantum dot.28 The other
parameters can be obtained ast0;100 ps, as measured from
the time-dependent PL signal in pure GaN;29 a0;25 Å, as
calculated bye/me , wheree is the dielectric constant,me is
the electron effective mass andV5100 Å3, as estimated
from Fig. 3. Then we haveL;40 Å.

The above value ofL is just an estimate. Here we hav
first calculated the hole state fluctuations using a superce
512 atoms. This corresponds to anL (54a, a is the lattice
constant! of ;20 Å, about the same size as the localizati
length, and is probably at the lower end of the plausi
range ofL. Later, we will discuss the dependences of o
results onL. We have calculated fivex compositions. For
each composition, we calculated 40 atomic configuratio
The energy fluctuations are shown in Fig. 4 for In0.2Ga0.8N.
In Fig. 4~a!, the CBM energy of the supercell is plotte
against the total number of In atoms randomly generate
the supercell. The relationship is almost linear. This is
cause the CBM is a conventional uniformly extended sta
As a result, its energy is dictated by the average band-e
potential, thus the total number of In atoms in the superc
Notice that, in reality, the size of the electron wave functi
is determined by the Bohr radiusa0 of the hydrogen state
bound to the hole, which is much larger than the 512-at
supercell. As a result, its energy fluctuation is much sma
than what is shown in Fig. 4~a! and its contribution in the PL
energy fluctuation can be ignored.

Figure 4~b! shows the big fluctuations of the hole sta
energy, corroborating the strong spatial localization. T
eigenenergy has almost no correlation to the number o
atoms in the supercell. The full width at half-maximu
(DE) of the PL peak can be calculated from the stand
deviation of the hole state energy in Fig. 4~b!, and a Gauss-
ian model for the PL peak profile. The resultingDE for
24510
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different compositions are shown in Fig. 5~a!. The PL line-
width is around 100 meV and it decreases with increasinx.
This value ofDE is about 100 times larger than that of
conventional alloy, like GaxIn12xAs.30 This is another mani-
festation of the strong hole localization. To investigate t
supercell sizeL dependence ofDE, we have also calculated
DE of In0.2Ga0.8N using L58a ~4096-atom supercell!, and
L516a ~32 768 atom supercell!, wherea is the lattice con-
stant. We calculated 40 alloy configurations forL58a, but
only 20 configurations forL516a due to computer resourc
constraints. The resultingDE for L54a, 8a, and 16a are
87, 69, and 72 meV s, respectively. We see a slight decre
of DE whenL increases, and a possible jitter fromL58a to
L516a due to the small numbers of configurations used,
the change ofDE is relatively small. TheDE decreases by a
factor of 1.2 fromL54a to L516a, although the volume
has been increased 64 times. According to our model esti
tions above, the correctL should fall into the range of theL’s
we have tested here~from 18 Å to 74 Å!. This gives us
confidence that theDE in Fig. 5~a! should be correct~per-
haps within a factor of 1.5 for the uncertainties ofL).

TheDE in Fig. 5~a! is close to the experimental values
low temperature~see Ref. 32 or the values cited in Ref. 33!.
But one big difference is the trend ofDE with x. While our
result shows a decrease ofDE with increasingx, the experi-
mental result32 shows an increase ofDE. In conventional
alloys ~e.g., GaxAl12xAs), the eigenenergy fluctuation i
proportional to the fluctuation of the total number of a giv
atomic species within the exciton volume.31 Thus, the larger
the x ~up to 0.5!, the bigger the fluctuation. In our strongl

FIG. 4. The CBM and VBM energies of In0.2Ga0.8N as functions
of the number of In atoms in a 512-atom supercell. Each diam
symbol represents one alloy configuration, and there are 40 con
rations in the plot.
7-4
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localized system, the energy fluctuation depends on the fl
tuation of forming the small In atomic chains. The smal
thex, the larger the fluctuation of forming such small chain
thus the larger is the eigenenergy fluctuation as shown in
5~a!. The reason why the experimentalDE increases with
increasingx is not clear at this stage. Although in the sam
trend, the experimentalDE(x) does not fit well32 to the for-
mula of conventional alloys either. One explanation is t
the experimental sample is not homogeneous as suggest
many recent experiments discussed in the Introduction,
the inhomogeneity increases with increasingx. This leads to
an increasingDE with x. This effect has been discussed
Ref. 33.

In Fig. 5~b!, we plotted the average VBM energyEVBM
ave as

a function ofx. As shown previously in Ref. 18, there is
maximum ofEVBM

ave aroundx50.3. Notice that the averag
EVBM

ave also depends on the supercell sizeL. For L54a, 8a,

FIG. 5. The calculated PL linewidth~a!, average VBM energy
~b!, PL energy~c!, and In percentage on the VBM wave function
functions of the In compositionx in a InxGa12xN alloy. The experi-
mental result in~c! is a linear fit to the experimental data in Ref. 3
24510
c-
r
,
g.

t
by

nd

and 16a, we haveEVBM
ave 527.394,27.327, and27.274 eV,

respectively, for the In0.2Ga0.8N alloy. The increase inEVBM
ave

has a similar magnitude to the energy fluctuationDE. In Fig.
5~c! we plotted the average band gapEgap as a function ofx,
and compared that with the experimentally measured res
The dashed line in Fig. 5~c! is a linear fit to the PL data in
Ref. 32, and it has been shifted downward by 0.1 eV
compensate for the fact that the experimental sample is
wurtzite structure and is measured at room temperature.
overall slope of the experimental PL energy in the range
0,x,0.15 agrees well with our calculated results.

Finally, to relate to the Raman experiments12,13 where
the In concentrations on top of the carrier wave functio
are measured, we have tried to estimate this quan
and have plotted the result in Fig. 5~d!. What is shown in
Fig. 5~d! is the following. Suppose$RIn% are the In atomic
positions, and$R% are the atomic positions for both In an
Ga atoms. Then the In percentage in the VBM wave funct
cVBM(r ) @plotted in Fig. 5~d!# is calculated as
* $ (RIn

exp@2 ( r 2RIn)
2 / w2# %cVBM( r )2d3r / *$ (R exp@2(r

2R)2/w2#%cVBM(r )2d3r , herew is a Gaussian width, and w
have usedw50.53 Å. Measured by this formula, the In con
centration around the wave function is significantly larg
than the nominalx. Thus, one cannot use the high In conce
tration from Raman data to conclude that the PL emiss
must come from a quantum dot.

V. WURTZITE InGaN SYSTEMS

In this final section, we would like to investigate th
wurtzite structure. Although zinc-blende InGaN can
grown on cubic substrate, like~100! GaAs,34 most InGaN
experiments are done in the wurtzite structure. The purp
here is to find whether there is any optical anisotropy
tween the wurtzitec direction and the perpendicularxy di-
rections. We have used the same empirical pseudopoten
to calculate the wurtzite InGaN. However, to get appropri
bulk GaN and InN crystal-field splitting, we did not use th
ideal wurtzite crystal structure. Instead, in the VFF calcu
tion, we have slightly modified the ideal bond angle for tho
bond angles consisting of onec-axis bond. The ideal angle
changes from 109.47 to 108.73 and 107.32 for GaN and I
respectively. The unit-cell and the internal atomic positio
are relaxed using the resulting VFF model, and the resul
crystal-field splittings are 19 meV and 13 meV for GaN a
InN, respectively, consistent with the available experimen
data.21 Spin-orbit interaction is also introduced through
nonlocal pseudopotential, and a doubling of the wave fu
tion to spin-up and spin-down components.35 Fitting to the
experimental results,21 we have used 10.3-meV and 10.
meV spin-orbit splittings for GaN and InN, respectively.

We have calculated two quantum dots, with 209 and 6
In atoms, respectively. The band gaps~without the Coulomb
energy between the electron and hole! for these two quantum
dots are 2.959 and 2.634 eV, respectively. They are slig
larger than the corresponding zinc-blende results of 2.
and 2.547 eV for zinc-blende quantum dots with 201 and 6
In atoms. This is mainly because our EPM InN wurtzite ba
gap of 2.035 eV is larger than the zinc-blende counterpar
7-5
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LIN-WANG WANG PHYSICAL REVIEW B 63 245107
1.784 eV. The important fact is that, for both wurtzite qua
tum dots, the optical transitions from CBM to the to
valence-band states~within 30 meV of the VBM!, are all
polarized in thexy directions.

We next performed a wurtzite In0.2Ga0.8N alloy calcula-
tion. A 572-atom supercell was used, and 40-atomic confi
rations were calculated. The correspondingDE is 93 meV,
this is very close to the 87-meV result of zinc-blen
In0.2Ga0.8N. 70% of the VBM states are localized in thexy
plane, along randomly formed In-N-In chains. The oth
30% are localized along an inclined direction close to thc
direction ~we will call it z direction localization!, with on
average lower VBM energies. When larger supercells
used, more of the VBM states are found in thexy plane. The
averaged VBM energy of the 572-atom supercell is27.438
eV, which is close to the corresponding zinc-blende resul
27.394 eV for the 512-atom supercell. The In concentrat
of the VBM in wurtzite In0.2Ga0.8N is also close to the zinc
blende result of Fig. 5~d!. We found that, in the wurtzite
structure, besides the single In-N-In chain localizations, th
are also cases of double stackedxy-plane localizations and
more complicated localization shapes. As for the polari
tion, if the hole wave function is localized in thexy direc-
tions, then the transition is polarized in thexy plane, other-
wise, it is polarized along thez(c) direction. Since there are
more xy localizations than thez localization, and since on
average, thez direction localized states have lower valen
state energy, the experimentally observed PL should
mostly xy direction polarized. Thus, the polarization in th
alloy is similar to that in a quantum dot. Unfortunately, o
cannot use optical polarization to distinguish the case o
pure alloy from that of quantum dots.

VI. CONCLUSIONS

We have investigated carrier localization in the InGa
system using the empirical pseudopotential method. We h
studied two extreme cases: a pure InN quantum dot em
ded in a pure GaN matrix and InxGa12xN without clustering.
We found the following:~1! For InN quantum dot, the hole
a,
s.

y

l.

.

v.
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state starts to be localized after a few In atoms segrega
form a quantum dot, but the electron state is localized o
after there are more than 200 In atoms in the quantum
~2! The hole binding energy does not change much after
quantum dot diameter is larger than 15 Å.~3! In a pure
InxGa12xN zinc-blende alloy, the hole wave functions a
localized strongly on randomly formed short~110! In-N-In
chains, while the electron wave functions are extended u
formly. The exponential decay length of the hole state
about 3.8 Å.~4! Large hole energy fluctuations exist in pu
InGaN alloys, which correspond to a;100-meV linewidth
DE of the photoluminescence. This is about 100 times lar
than that in a conventional alloy like GaInAs.~5! Due to the
strong hole localization, the trend ofDE(x) with x is differ-
ent from that of the conventional alloy due to compositi
fluctuation. Currently, our calculatedDE(x) has a different
trend than the experimental result, although the magnitu
of them are similar. This might be due to inhomogeneities
the experimental alloy samples.~6! In an alloy, the In con-
centration on top of the hole wave function is significan
larger than the nominal In concentrationx. Thus, one canno
use the high In concentration from the Raman-scattering d
to conclude that the PL emission must be from InN quant
dots.~7! For the wurtzite structure, in both cases of quantu
dot and pure alloy, the PL polarization should be in thexy
directions.
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