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Calculations of carrier localization in In,Ga;_,N
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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 g, _,N 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 purga_,N alloy, on top of randomly formed110)
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 they plane perpendicular to theaxis of the wurtzite structure.
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I. INTRODUCTION The separation of the In rich part and the In poor part is to
release the strain. However, this is only true for incoherent
The success of blue color lasing using InGaN as the activeeparation of these two parts. If the system is still coherent,
material 2 has inspired a tremendous amount of recent rethe formation of the quantum dot will only increase the strain
search in this material. The coexistence of the high quanturinergy, rather than decrease it. This is shown in our own
yield of the photoluminescend®L) and the high density of VFF calculations. So, the spinodal instability is only true for
the threading dislocatiénindicates strong carrier localiza- incoherent formation of the quantum dot, not for coherent
tion. This means that an exciton is localized in space beforéormation. For a nanometer quantum dot, if each quantum
it can reach the impurity sites to be annihilated nonradiadot is incoherent to its matrix, there might be too much sur-
tively. One current focus of research is to understand théace (or dislocation energy to justify the gain due to the
mechanism of this localization. One possibility is the forma-release of strain energy. Thus, unless the dislocation energy
tion of InN quantum dots in the InGaN alldy® Another and the growth kinetics are studied carefully, one cannot
possibility is the localization caused by natural compositionsimply conclude that the quantum dot must be formed ther-
fluctuations in pure InGaN, without clustering and the for-modynamically due to the spinodal instability. A recent re-
mation of quantum dot31° fine calculation® showed that the surface solubility of In in
Although there are mounting experimental reports aboufsaN (which is relevant for vapor-phase growtts much
the inhomogeneity of the In composition in GalnN, exclusivehigher than the bulk solubility. As a result, for low In con-
evidence for the formation of nanometer InN quantum dot iscentration, clustering of In is not expected in vapor-phase
yet to come. A spatially resolved cathodoluminescenc&rown samples.
Spectrél shows the PL from localized spots, but the resolu- Given the current experimental uncertainties about the
tion is too gross to resolve fine structures in nanometer scalguantum dot formation and its profile in InGaN, it is useful
Atomic force microscope imaggsabo show grooves in an to theoretically investigate the electronic states of the system
uncapped InGaN sample. But it is not clear how that is rein different scenarios. Here we will study two extreme cases
lated to possible In concentration fluctuation. Recent resodt the two ends of the spectrum. One is a pure InN quantum
nant Raman-scattering experiméﬁf@show that the In con- dot embedded in a GaN matrix. Here the variable is the
centration in the area of wave-function localization is arounddiameter D of the quantum dot. Another case is a pure
80%, much larger than its nominal concentrations in thdnxGa 4N alloy, without any clusteringor say short- and
samples studied. However, as we will point out later, thislong-range ordering The variable here is the In composition
could be true even in a pure InGaN alloy. A more directX. We will study, in each case, how strong the carrier local-
measurement comes from the cross-section image of tran&ation is, and what the wave function looks like. We will
mission electron microscop¢TEM).}* It does show some study them as functions of the variablBsandx.
nanometer scale dotlike structures in InGaN multiple quan-
tum wells, and large local In concentration fluctuations in Il. METHODS
such systems. However, caution must be taken, since a TEM '
image represents a projection sum of the charge density, and We will use empirical pseudopotential calculations to
is affected more by strain than the chemical identities of thestudy these systems. The empirical pseudopotential method
atoms. One often cited reason for In segregation is the spifEPM) has been used to study InGaN and InGaAsN
odal instability of InGa,_,N alloy for the x range of the system$”!® previously. Its reliability and applicability to
samples studied here. This is concluded from valence forceuch systems have been investigated before. However, pre-
field (VFF) calculation$® of the atomistic strain in the alloy. vious studies either focused on the As rich side of the In-
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GaAsN quanternary systethwhere the property is domi- VBM CBM
nated by the impurity, or on a single In impurit}? in GaN. ‘

No systematic study has been carried out to address the cai
rier localization issue in the InGaN system. Here, we will use
exactly the same EPM as in the previous wbito study the
carrier localization.

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

1
—§v2+ER vo(T=Ry;&) [N =&yi(r), (D)

where{R,} are the atomic positions of atom speciesThe
screened atomic potentials, are fitted to experimental and
first-principle calculated band structures, band offsets, effec-
tive masses, and deformation potentials. They explicitly de-
pend on the local atomic straing; in order to mimic the
charge density self-consistency. The wave funciigfr) is
expanded in a plane-wave basis with an energy cutoff of 7.7
Ry. In this paper, we have used exactly the same screene
atomic pseudopotentials, as given in Ref. 18. Unlike other
empirical pseudopotentials, for which different N atomic po-
tentials are used in InN and GaN, the current EPM has the
same N potential for both InN and GaN. This enhances the
reliability of the EPM in this system. The Schrodinger equa-  F|G. 1. Wave-function squares of VBM and CBM of InN quan-
tion (1) is solved using the folded spectrum metfibébr  tym dots embedded in GaN matrix. For the three small dbts
the valence-band maximurtVBM) and conduction-band =1,13, and 43, the supercell box i® 8 8ax 8a, wherea is the
minimum (CBM) states for periodic systems containing lattice constant, while a 6< 16ax 16a supercell is used for the
thousands of atoms. The calculations are carried out on tree larger quantum dots. Fibi,=1,13, and 43, their CBM’s are
NERS(zio’s Cray T3E parallel computer via a program callednot bound, and not shown here.

ESCAN.

internal atomic positions. The same VFF parameters used in
Ref. 18 are used here.

The calculated hole and electron wave functions are

We first study zinc-blende InGaN systems. The spin-orbitshown in Fig. 1 and their energies are plotted in Fig. 2. From
splitting is only about 10 meV in the cubic systéfithus we  the calculation, we have the following observatio(f: The
have neglected it in our calculation. We first study the casdiole wave function is localized starting from the 13 In
of an InN quantum dot embedded in a GaN matrix. The
effects of a single In atom has been studied in Ref. 18. It was . . . - . . - .
found that a single In atom will induce a resonant VBM —4r -

. . . Bulk GaN

state. This resonant state has a strong wave function peak ¢ F--
the In atom, but is not energetically boufttius localized
Starting with this single In atom, we add more In atoms to
form In clustergquantum dots More specifically, in a GaN
crystal, within a sphere of radiuR centered at one cation
site, we have changed the Ga atoms to In atoms. We havig
created 6 quantum dots in this way, with their numbers of In.® ~ —o
atoms being 1, 13, 43, 201, 627, and 1433. For the 13 In~ | "7 |
atom case, it corresponds to one central In atom and 12 fcc =8| Bulk GaN ]
first nearest neighbors. The diameters of these 6 quantun 0 0 20 30 40
dots are 3.5, 8.3, 12.4, 20.8, 30.4 and 40.0 A, respectively.
To embed these InN quantum dots in a GaN matrix, for the
first three quantum dots, we have used a supercell of 4096 F|G. 2. The CBM and VBM energies for the six quantum dots
atoms (4 x4ax4a, whereais the lattice constaptwhile a  shown in Fig. 1. For the three small dots, their CBM's are not
32 768 atom supercell g8<8aXx8a) is used for the last 3 bound. Thus we have used the bulk GaN CBM energy to represent
qguantum dots. The VFRRef. 22 method is used to relax the their CBM energies.

Ill. INnN QUANTUM DOT IMBEDDED IN A GaN MATRIX

en energy (eV)

Quantum dot diameter (A)
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cluster.(2) The electron wave function is not localized until s
(aften the 201-In atom cluster. But, here we have not con- .,
sidered the Coulomb interaction between electron and hole
The electron wave function can be bound to the hole by
forming an exciton. Thus, even in the 13-In atom case, the
exciton can be localized through the localization of the hole.
There are 3 bound electron states in the 1433-In atom quan
tum dot.(3) In the large quantum dotg.g., 627 and 1433 In
atomg, the hole wave functions are localized around the ,, (b)
(110 corners of the quantum déalthough the quantum dot : (110).
itself is sphericgl The same phenomena have been observee* projection
previously in InP quantum dots embedded in GaR) The A
hole binding energy, as shown in Fig. 2, saturates quickly
around 600 meV after the number of In atoms becomes *©*®
larger than 43.

In summary, a small segregation of In atoms will be
enough to localize the hole wave-function in a pure GaN
matrix. 0.0001

0.15

0.1

1x10°® L

0.01

1x10°®

IV. PURE InGaN ALLOY

1x10°8
We next study the case of pure,@ _,N zinc-blende

alloy. In this case, In atoms are randomly distributed at the
zinc-blende cation sites. No short- and long-range orders ex-
ist in such a system. Again, the internal atomic positions are F|G. 3. The VBM wave-function square in a pure, i&a, N
relaxed using the VFF model, and the wave functions in Edalloy. The supercell box is B6< 16ax 16a, wherea is the lattice
(1) are solved using the folded spectrum method. The quesonstant.
tion here is, is there a carrier localization in such a system?
Figure 2 shows a VBM wave function in a 32768 atom su-—7.271, and—7.223, respectively, from the small to the
percell of I ,Gay gN. The VBM wave function is localized large quantum dots.
in a slim cylinder shape about 15 A long, while the CBM  One important quantity to be calculated is the photolumi-
wave function(which is not shown hepeis extended uni- nescencgPL) linewidth. To calculate this quantity, let us
formly. Upon a closer inspection, we found that the VBM first propose a model of the carrier dynamics in the PL pro-
localization site corresponds to a single chain of In atéons cess. In this model, the electron and hole pair is optically
say an In-N-In chain This chain is formed by chance, and in excited randomly at one position. Then the hole will diffuse
a large enough supercell, such a chain will always existto a nearby localized state, and stay there. The electron will
Many random configurations of JG& _,N alloy were cal- be attracted to the hole by the Coulomb interaction, and they
culated, and we always found the VBM localized on top ofform an exciton. The radiative emission will come from this
such In atom chains. Logarithmic projection views along andocalized exciton. The localization and the energy fluctuation
perpendicular to the cylinder axis are also shown in Figsare due to the hole state. The diffusing distance of the hole
3(b) and 3c), respectively. They reveal a decay lenattof ~ should be smaller than the average impurity-impurity dis-
3.8 A in an expEx/\) description of they? tail. This VBM  tance, so the exciton will not be annihilated nonradiatively
state should be the localized tail states in the density-of-statey impurities.
of a random system, as described by Anderson’s and Lif- Guided by this model, we propose here a method to cal-
shits’s theorie$*?>The difference between this system and aculate the energy fluctuation. We first take la® L X L su-
more conventional system like G, _,As is the size of the percell. We then assign th¥; cation sites in the supercell to
localization. In the GgAlg6As alloy, the VBM state is lo- In and Ga atoms according toand 1—x probabilities. For
calized in a region, which encompasses more than 20 008ach alloy configuration, the number of In atoMg in the
atoms?® while here, the number of In atoms related to thesystem may be different from the nomineN, . This leads to
localization is around 5—-7. Due to this strong localization,an actual compositioxx’=N,,/N. for this particular con-
the cause of the localization is better described by the rarfiguration. As a result, the length of the supercell dizés
dom formation of the In-N-In chains, rather than composi-adjusted accordingl§/. After the VFF atomic position relax-
tion fluctuation in one area. Thus, the characterization of thation, the calculated VBM state in this supercell will be the
carrier localization in this system is different from the con-final hole state of one photoluminescence event. By repeat-
ventional alloy. This will lead to different resuli®.g., the ing the calculation with different alloy configurations, we
trend of PL linewidth withx) from the conventional alloys. will have the random fluctuation of the PL energy.
Notice that the eigenenergy of the VBM state in Fig. 3 is  One uncertainty of this approach is the sizef the su-
—7.285, which is higher than some of the eigenenergies ipercell. The volume of the supercell represents the area that
Fig. 2, which are —7.812, —7.467, —7.364, —7.322, the hole explored for higher-energy states before its radiative
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decay. One can use the average diffusion lergthof the o o ' ' ' '
hole forL. That will probably overestimate the supercell vol- _4'84: “ e CBM (a) |
ume, since not all the areasn, X D,,X D}, might have been _a86L- ceg |
effectively explored by the hole. The second way of estimat- L °8 8 ]
ing L is the following. For the hole to stay in its final local- -4.88" § o . .
ized statea,, its hopping timet to another higher-energy - . 8
statea, should be longer than its radiative decay timen . —4.901 . 1
our supercell calculation, the; is the VBM inside the su- > i o 1
percell, anda, could be a state in an adjacent supercell.; _4'92: °° |
Thus, on average, the, —a, distance id.. Then the overlap % _4.94 : : : : ¢
|(a;]a,)|? should be exp¢L/N), where is the decay length & ' o ' ' '
of the localized state (3.8 A as shown in Fig. & we as- S 7281 VBM (b) i
sume the hopping time iy, if a; anda, are spatially on top LIEJ’ . 32: :
of each other, thet=t, exp(L/\). On the other hand, H, is ' R o

the Bohr radius of the electron wave function bound to the i o o ]
localized hole, then the optical oscillator strength should be —7.361 ¢ $ o o o ]
POQ/(4waS/3), where() is the hole localization volume and i o o o o o o]
P, is the oscillator strength when there is a full overlap -740r  ° R s Ce z RO ° i
between electron and hole. Thuss 7o(47a3/3)/Q, and 7, . © ¢ i
is the radiative lifetime corresponding Ry,. Then finally,t —744r Cos ¢ i
~7 can be used to estimatd. This leads toL 40 B 50 55 50 o5

=\ In{[7o(4m/3)ad/toQ]}. One uncertainty in this formula is
to. But fortunately, the final result df is not very sensitive
to its exact value. We can usg=1 ps, as estimated from

phonon cooling in a semiconductor quantum tothe other of the number of In atoms in a 512-atom supercell. Each diamond

parameters can be obtainedzs- 100 ps, as measured from gm0 represents one alloy configuration, and there are 40 configu-
the time-dependent PL signal in pure G&Nay,~25 A, as  [ations in the plot.

calculated bye/m,, wheree is the dielectric constaniy, is
the electron effective mass afd=100 A®, as estimated different compositions are shown in Fig@ The PL line-
from Fig. 3. Then we have~40 A. width is around 100 meV and it decreases with increaging
The above value ok is just an estimate. Here we have This value of AE is about 100 times larger than that of a
first calculated the hole state fluctuations using a supercell gfonventional alloy, like Gdn; _,As.*® This is another mani-
512 atoms. This corresponds to Br{=4a, a is the lattice festation of the strong hole localization. To investigate the
constant of ~20 A, about the same size as the localizationsupercell size. dependence oAE, we have also calculated
length, and is probably at the lower end of the plausibleAE of Ing;GagN usingL =8a (4096-atom supercglland
range ofL. Later, we will discuss the dependences of ourL=16a (32768 atom supercg/lwherea is the lattice con-
results onL. We have calculated fiv& compositions. For stant. We calculated 40 alloy configurations for8a, but
each composition, we calculated 40 atomic configurationsonly 20 configurations fok = 16a due to computer resource
The energy fluctuations are shown in Fig. 4 fog JGa, N. constraints. The resultingE for L=4a, 8a, and 1& are
In Fig. 4(@), the CBM energy of the supercell is plotted 87, 69, and 72 meV s, respectively. We see a slight decrease
against the total number of In atoms randomly generated iof AE whenlL increases, and a possible jitter frdrs=8a to
the supercell. The relationship is almost linear. This is bel =16a due to the small numbers of configurations used, but
cause the CBM is a conventional uniformly extended statethe change oAAE is relatively small. The\E decreases by a
As a result, its energy is dictated by the average band-eddactor of 1.2 fromL=4a to L=16a, although the volume
potential, thus the total number of In atoms in the supercellhas been increased 64 times. According to our model estima-
Notice that, in reality, the size of the electron wave functiontions above, the correttshould fall into the range of thie's
is determined by the Bohr radiug, of the hydrogen state we have tested heréfrom 18 A to 74 A. This gives us
bound to the hole, which is much larger than the 512-atontonfidence that thdE in Fig. 5a) should be correctper-
supercell. As a result, its energy fluctuation is much smallehaps within a factor of 1.5 for the uncertaintieslof.
than what is shown in Fig.(4) and its contribution in the PL The AE in Fig. 5(a) is close to the experimental values at
energy fluctuation can be ignored. low temperaturdsee Ref. 32 or the values cited in Ref)33
Figure 4b) shows the big fluctuations of the hole state But one big difference is the trend &fE with x. While our
energy, corroborating the strong spatial localization. Theesult shows a decrease #E with increasingx, the experi-
eigenenergy has almost no correlation to the number of Imental resuf® shows an increase afE. In conventional
atoms in the supercell. The full width at half-maximum alloys (e.g., GgAl,_,As), the eigenenergy fluctuation is
(AE) of the PL peak can be calculated from the standardgproportional to the fluctuation of the total number of a given
deviation of the hole state energy in Figh#t and a Gauss- atomic species within the exciton volumeThus, the larger
ian model for the PL peak profile. The resultilge for  the x (up to 0.5, the bigger the fluctuation. In our strongly

Number of In atoms in the supercell

FIG. 4. The CBM and VBM energies of §pGa, gN as functions
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= 140 and 1@&, we haveE{ s, = —7.394,—7.327, and-7.274 eV,

£ I respectively, for the I§,Ga gN alloy. The increase ilEdsy

w 120} has a similar magnitude to the energy fluctuatd®. In Fig.

2 100 | 5(c) we plotted the average band gap,, as a function ok,

B and compared that with the experimentally measured results.
5 80 The dashed line in Fig.() is a linear fit to the PL data in

£ 60| Ref. 32, and it has been shifted downward by 0.1 eV to
7 40 compensate for the fact that the experimental sample is in a

wurtzite structure and is measured at room temperature. The
. overall slope of the experimental PL energy in the range of
] 0<x<0.15 agrees well with our calculated results.

Finally, to relate to the Raman experiméAts where

] the In concentrations on top of the carrier wave functions
. are measured, we have tried to estimate this quantity
] and have plotted the result in Fig(ds. What is shown in
Fig. 5d) is the following. Suppos¢R,,} are the In atomic
positions, and R} are the atomic positions for both In and
Ga atoms. Then the In percentage in the VBM wave function
1 Jyem(r) [plotted in Fig. %d)] is calculated as

T J{Zg, exd—(r —Rn)?/ W2} gem(r)2dr / [{Zgexd —(r

1 —R)?/WA T aygm (r)2d3r, herew is a Gaussian width, and we

] have usedv=0.53 A. Measured by this formula, the In con-

8 centration around the wave function is significantly larger
] than the nominak. Thus, one cannot use the high In concen-

, , . , , tration from Raman data to conclude that the PL emission
[ ' ' ' ' ] must come from a quantum dot.

Ave. VBM energy (eV)

PL energy (eV)

=

2 o7t ]

< V. WURTZITE InGaN SYSTEMS

% (d) In this final section, we would like to investigate the
g 061 | wurtzite structure. Although zinc-blende InGaN can be
g - 1 grown on cubic substrate, likel00) GaAs>* most InGaN

g. 05 | i experiments are done in the wurtzite structure. The purpose

here is to find whether there is any optical anisotropy be-
tween the wurtzitec direction and the perpendiculary di-
In composition x of Inx Ga1-xN rections. We have used the same empirical pseudopotentials
o to calculate the wurtzite InGaN. However, to get appropriate
FIG. 5. The calculated PL linewidtte), average VBM energy  p;jk GaN and InN crystal-field splitting, we did not use the
(b), PL energy(c), and In percentage on the VBM wave function as jqe4| wurtzite crystal structure. Instead, in the VFF calcula-
functions of the In compositiorin a InGa_xN alloy. The experi- o '\ye have slightly modified the ideal bond angle for those
mental result ir(c) is a linear fit to the experimental data in Ref. 32. bond angles consisting of oreaxis bond. The ideal angle
) ] changes from 109.47 to 108.73 and 107.32 for GaN and InN,
localized system, the energy fluctuation depends on the flugpspectively. The unit-cell and the internal atomic positions
tuation of forming the small In atomic chains. The smaller5re relaxed using the resulting VFF model, and the resulting
thex, the larger the fluctuation of forming such small chains,crystal-field splittings are 19 meV and 13 meV for GaN and
thus the larger is the eigenenergy fluctuation as shown in FignN;, respectively, consistent with the available experimental
5(@. The reason why the experimentaE increases with  gata® Spin-orbit interaction is also introduced through a
increasingx is not clear at this stage. Although in the samenpgniocal pseudopotential, and a doubling of the wave func-
trend, the experimental E(x) does not fit weff” to the for-  tion to spin-up and spin-down componefiisFitting to the
mula of conventional alloys either. One explanation is thaxperimental resuls, we have used 10.3-meV and 10.9-
the experimental sample is not homogeneous as suggested v spin-orbit splittings for GaN and InN, respectively.
many recent experiments discussed in the Introduction, and \ye have calculated two quantum dots, with 209 and 641
the inhomogeneity inCI’easeS W|th increasjng—his |eadS to In atomsy respective|y_ The band gé(mthout the C0u|omb
an inCJeaSin@E with x. This effect has been discussed in energy between the electron and hdtﬂ‘ these two quantum
Ref. 33. dots are 2.959 and 2.634 eV, respectively. They are slightly
In Fig. 5(b), we plotted the average VBM ener§s, @S  larger than the corresponding zinc-blende results of 2.770
a function ofx. As shown previously in Ref. 18, there is a and 2.547 eV for zinc-blende quantum dots with 201 and 627
maximum of E{5), aroundx=0.3. Notice that the average In atoms. This is mainly because our EPM InN wurtzite band
E{sy also depends on the supercell sizeFor L=4a, 8a, gap of 2.035 eV is larger than the zinc-blende counterpart of

0.0 0.1 0.2 0.3 04 0.5
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1.784 eV. The important fact is that, for both wurtzite quan-state starts to be localized after a few In atoms segregate to
tum dots, the optical transitions from CBM to the top form a quantum dot, but the electron state is localized only
valence-band statesvithin 30 meV of the VBM, are all  after there are more than 200 In atoms in the quantum dot.
polarized in thexy directions. (2) The hole binding energy does not change much after the
We next performed a wurtzite §8Ga N alloy calcula-  quantum dot diameter is larger than 15 @&) In a pure
tion. A 572-atom supercell was used, and 40-atomic configuin,Ga _,N zinc-blende alloy, the hole wave functions are
rations were calculated. The correspondikf is 93 meV, localized strongly on randomly formed shdf10) In-N-In
this is very close to the 87-meV result of zinc-blendechains, while the electron wave functions are extended uni-
Ing ,Gay gN. 70% of the VBM states are localized in thg ~ formly. The exponential decay length of the hole state is
plane, along randomly formed In-N-In chains. The otherabout 3.8 A.(4) Large hole energy fluctuations exist in pure
30% are localized along an inclined direction close to¢he InGaN alloys, which correspond to-a100-meV linewidth
direction (we will call it z direction localization with on  AE of the photoluminescence. This is about 100 times larger
average lower VBM energies. When larger supercells arghan that in a conventional alloy like GalnA&) Due to the
used, more of the VBM states are found in theplane. The  strong hole localization, the trend &fE(x) with x is differ-
averaged VBM energy of the 572-atom supercel-ig.438  ent from that of the conventional alloy due to composition
eV, which is close to the corresponding zinc-blende result ofluctuation. Currently, our calculatetlE(x) has a different
—7.394 eV for the 512-atom supercell. The In concentratiortrend than the experimental result, although the magnitudes
of the VBM in wurtzite Iny ,Gay N is also close to the zinc- of them are similar. This might be due to inhomogeneities of
blende result of Fig. &l). We found that, in the wurtzite the experimental alloy sample®) In an alloy, the In con-
structure, besides the single In-N-In chain localizations, thereentration on top of the hole wave function is significantly
are also cases of double stackegtplane localizations and larger than the nominal In concentratisnThus, one cannot
more complicated localization shapes. As for the polarizause the high In concentration from the Raman-scattering data
tion, if the hole wave function is localized in they direc-  to conclude that the PL emission must be from InN quantum
tions, then the transition is polarized in tRg plane, other-  dots.(7) For the wurtzite structure, in both cases of quantum
wise, it is polarized along thg(c) direction. Since there are dot and pure alloy, the PL polarization should be in ke
more xy localizations than the localization, and since on directions.
average, the direction localized states have lower valence
state energy, the experimentally observed PL should be
mostly xy direction polarized. Thus, the polarization in the ACKNOWLEDGMENTS
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