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We study thermal annealing effects on the size and composition variations of indium-aggregated
clusters in two InGaN thin films with photoluminescen@d) in the yellow and red ranges. The
methods of investigation include optical measurement, nanoscale material analysis, and theoretical
calculation. Such a study is important for determining the relation between the band gap and the
average indium content of InGaN. In one of the samples, the major part of the PL spectrum is shifted
from the yellow band into the blue range upon thermal annealing. In the other sample, after thermal
annealing, a broad spectrum covering the whole visible range is observed. Cathodo-luminescence
(CL) spectra show that the spectral changes occur essentially in the photons emitted from the
shallow layers of the InGaN films. Photon emission spectra from the deeper layers are essentially
unaffected by thermal annealing. The spectral changes upon thermal annealing are mainly attributed
to the general trend of cluster size reduction. This interpretation is supported by the CL, x-ray
diffraction, and high-resolution transmission electron microscopy results. To obtain a basic physics
picture behind the spectral blue shift upon thermal annealing in the yellow emission sample, we
theoretically study the quantum-confinement effects of InGaN clusters based on a quantum box
model. The theoretical results can generally explain the large blue shift of PL spectral peak position.
© 2004 American Institute of PhysicgDOI: 10.1063/1.1703828

I. INTRODUCTION observedsee the discussions belavBuch behavior implies
that the reported InGaN band gaps may originate from
Recently, the characteristics of InN have become thendium-rich clusters, and are due to quantum confinement.
SUbjeCt of much attention. In particular, experimental data]'hey cannot be used for describing the bulk material prop-
have shown that the band gap of InN is around 0.75'8V, erties of InGaN. The study on the indium aggregation phe-
instead of the previously reported value 1.9%8tch a dra-  nomena, particularly when the average indium content is
matic change of InN band gap implies the need for carefuhigher than 30%, can help us understand the relation be-
examination of InGaN characteristics, particularly when theyyeen the InGaN band gap and its average indium content.
indium content is high. Also, the recently identified smaller Due to the large lattice mismatdii1% in thec axis
band gap of InN implies that InGaN has the potential for anyeyeen InN and GaN, their miscibility is quite low. In this
optoelectronics application in a much broader spectral rang&;yation, indium aggregation and phase separation can occur
With the average indium contents of lower than 30_%’ _InGa InGaN through the process of spinodal decomposttibm.
compounds have been widely used for the fabrications o his process, the “up-hill” diffusion of indium atoms leads to

gr:/’tggjec; ?ir::(:llgrergn;'r?izge;:g'?}%ggg;:f;‘urezwﬁlvitCsr:ug(')e:]t_he formation of high-indium InGaN clusters such that the

P Proper o o strain energy can be released. Under certain conditions, the
pounds of relatively higher indium conteriemitting yellow, sizes of the clusters can be reduced to a few nanometers and
red, or even longer-wavelength photpnsvere rarely

reported-* Recently, indium aggregation in InGaN has beenstrong guantum confinement is generated: In other words,
InGaN quantum dot&QDs) can be formed. With such cluster

structures, carriers can be localized in the potential minima

dCurrent address: Department of Applied Physics, National University off ; ot ; i B8 |t i ;

' or effective radiative recombinatidh® It is believed that
Kaohsiung, No. 700, Kaohsiung University Rd., Nan-Tzu Dist., 811, . . . . ..
Kaohsiung, Taiwan, Republic of China. the carrier localization mechanism is the key to the efficient

YElectronic mail: ccy@cc.ee.ntu.edu.tw photon emission in such a compound of high defect density
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(~10°cm™3). Typically, the process of indium aggregation tion, the increase of indium composition within a cluster and
and hence the effect of carrier localization become strongethe shrinkage of the cluster size may produce the counterac-
with increasing average indium contértThe effect of car-  tion between the red-shift and blue-shift trends. To determine
rier localization has been regarded as one of the majoihe dominating mechanism, we use a simple but reasonable
mechanisms for the temperature-dependent S-shape variatiff>aN quantum cube model and theoretically study the
of the photoluminescencegPL) spectral peak!’ The quantum-confinement effects in nanometer-scale InGaN
temperature-dependent behavior originates from the localiz&luster. The theoretically predicted trend of PL peak position
tion of thermalized carriers and hence a blue shift of pLcan generally explain the large blue-shift trend in PL peak
spectral peak in a certain temperature range. On the oth@osition upon the thermal annealing process.

hand, such an S-shape variation was also interpreted as the This paper is organized as follows: In Sec. Il, sample
result of quantum-confined Stark effe¢QCSB in an structures and experimental procedures are described. In Sec.
InGaN/GaN quantum wellQW) structurett 12 QCSE origi- I, optical characterization results, including PL, photolumi-
nates from the strain-induced piezoelectric field distribution€scence excitatiofPLE), and cathodo-luminescen¢€lL),

in a QW. The tilted potential leads to a red shift of the effec-are reported. Also, the x-ray diffractiaiXRD) patterns are

tive band gap. The existence of phonons at a relativeli’resent?d- In Seq. \ theore.tlcal resylts of band structure
higher temperature can reduce the QCSE and generateCé"CU'a“O”Sf are'dlscussed. Finally, discussions and conclu-
blue-shift trendt®!* The combination of the basic red shift SIONS are given in Sec. V.

(phonon effegtand the blue shift results in the S-shape be-
IIl. SAMPLE PREPARATION AND EXPERIMENTAL

havior.
Post-growth thermal annealing can provide thermal enPROCEDURES

ergy for atomic rearrangement such that a thermal equilib- The two samplesdesignated as samples Y angl i&sed
rium state can be reached. It has been reported that post this study were grown in a low-pressure metal-organic
growth thermal annealing could alter the sizes andchemical vapor deposition reactor. In each sample;1a5
distributions of self-organized InAs QBs1°In our previous  um GaN epi-layer was deposited orcalane sapphire sub-
studies, it was found that post-growth thermal annealing wastrate with a 25 nm GaN buffer layer. The GaN epi-layer
quite effective for changing the cluster structures and theigrowth was followed by the deposition of a slightly silicon-
photon emission properties in INnGaN/GaN QW sampfe¥’  doped InGaN film with a thickness 0f0.15 um. The aver-
This group has reported the formation of quasiregulamge indium contents were estimated slightly higher than 30%
guantum-dot-like structures from randomly distributedand 40% in samples Y and R, respectively, determined by the
indium-aggregated clusters upon thermal annealing of amdium and gallium flow rates during crystal growth. The
InGaN/GaN QW samplé’ The effects of thermal annealing silicon doping concentration was10' cm 2. The growth
in QW samples of different well widths have also beentemperatures of the GaN buffer layer, GaN epi-layer, and
studied'®*°It was discovered that under appropriate thermalnGaN layer were 550, 1050, and 710 °C, respectively. In
annealing conditions, well-shaped QDs could be formedyrowing the GaN epi-layers and InGaN thin films, pressure
through spinodal decomposition in a narrow QW sampleof 325 torr was used. TrimethylgalliuiTMGa) and trimeth-
(well width <3 nm), leading to radiative efficiency improve- ylindium (TMIn) were used as the precursors. The carrier
ment. However, in a sample of a relatively larger QW widthgases for growing InGaN and GaN were nitrogen and hydro-
(well width >3 nm), QD formation or optical quality im- gen, respectively. High purity ammonia was used as the ac-
provement was not observed. tive nitrogen source. The GaN and InGaN growth rates were
Although indium aggregations through spinodal decom-3.6 and 0.3um/hr, respectively. Post-growth thermal anneal-
position have been observed in InGaN/GaN QWs and thiring was conducted at 800 °C for 30 min in ambient nitrogen.
films, their optical characteristics and nanostructures, par- PL measurements were carried out with the 325 nm line
ticularly when the average indium content is higher thanof a 35 mW He—Cd laser for excitation. PLE experiments
30%, have not been well studied yet. Also, in such a sampleyere performed using a quasimonochromatic excitation light
the effects of post-growth thermal annealing, which may fur-source from a xenon lamp dispersed with a monochromator.
ther induce spinodal decomposition such that the equilibriunThe PLE detection photon energy was set at the PL spectral
condition can be reached, have never been reported. In thieak. The CL images were acquired using a Gatan monoCL3
article, we report the optical characteristics of two InGaNspectrometer in a JEOL JSM 6700F SEM system. The ki-
films with PL in the yellow and red ranges. In particular, the netic energies of electrons for CL measurements ranged from
post-growth thermal annealing effects are discussed. In on@ to 15 keV with an electron beam current of 60—300 pA.
of the samples, after thermal annealing, the PL spectral peakhe surface spatial resolution is about 100 nm. In addition,
shifts from the yellow band into the blue range. This shift isXRD measurements were carried out usingkCradiation,
particularly clear for photons emitted from the shallow por-monochromated with thél11) reflection of Ge single crys-
tion of the InGaN thin film. In the other sample of even tal. The high-resolution transmission electron microscopy
higher average indium contefited emissioly the PL spec- (HRTEM) investigations were performed using a Philips
trum broadens to cover almost the whole visible range upomECNAI F20 field-emission electron microscope with an ac-
thermal annealing. The spectral changes are mainly attriteelerating voltage of 200 kV. All high-resolution micro-
uted to the general trend of cluster shrinkage through spingraphs were taken at the Scherzer defocus. The samples were
odal decomposition. In the process of spinodal decomposiiewed along 411—20 zone axis for bright-field images. To
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FIG. 1. PL and PLE spectra at 10 K before and after thermal annealing of .
sample Y. FIG. 2. PL and PLE spectra at 10 K before and after thermal annealing of

sample R.

clearly show the compositional variations in InGaN alloy, dim such that the measurement of its PLE spectrum was
digital micrograph 3.7.4 software was utilized to sharpen thdifficult.

boundaries between indium-rich clusters and the surrounding Figure 3 shows the typical CL images of the as-grown
compounds. (a) and anneale¢b) samples Y, both with the excitation of 3
kV electrons. The 3 kV represents the electron acceleration
voltage and roughly corresponds to a penetration depth of 88
nm. Therefore, only the shallow portions of the InGaN thin

) films are excited. The light spots of a few hundred nanom-
Figure 1 shows the PL and PLE spectra at 10 K of thesters in size in the CL image of the as-grown sample Y emit

as-grown and annealed samples Y. It is noted that PL spectrgksentially yellow and relatively weaker blue photons. They
peak of this sample has shifted from the yellow b&aund 416 supposed to correspond to the indium-aggregated clus-
2.2 eV) to the blue rangdaround 2.75 ey after thermal g5 After thermal annealing, the CL image becomes blurred.
annealing. The blue-emission contribution as a small S'deActuaIIy, the image in Fig. ®) consists of many tiny light
lobe can also be observed in the PL spectrum of the as-groWhots at the order of 100 nm in size, which is close to the
sample. Usually, PL emission essentially originates from &patial resolution of the used CL system. Those tiny light
shallow layer of the sample. Therefore, we can exclude thgpts essentially emit blue light. The generation of those tiny
possibility that Othe yellow-band emission comes from thejight spots implies that the cluster sizes in the InGaN film
defects in Ga[\?. The PLE spectrum of the as-grown sample pight be generally reduced upon thermal annealing, particu-
Y shows multiple InGaN absorption peaks, corresponding 4y in the shallow portion. Figure 4 shows the typical CL

the clusters of different geometries and compositions. Th‘?mages of the as-growfa) and annealedb) samples Y, both
Stokes shift(SS of the PL peak with respect to the PLE

absorption maximuntaround 3.05 eVis as large as about 1
eV, indicating the strong indium composition fluctuation
and/or strong QCSE. After thermal annealing, the spectral
position of the major absorption peak near 3.05 eV is un-
changed. This energy level may correspond to the back-
ground indium composition, on top of which higher indium
compositions fluctuate, in the as-grown and annealed
samples. The distribution of the higher indium composition
fluctuation varied upon thermal annealing such that the PL
spectrum blue-shifted and the SS became quite Salind
200 meV). However, it seems that the background indium
composition did not change upon thermal annealing.

Figure 2 shows the PL spectra of the as-grown and an-
nealed samples R and the PLE spectrum of the as-grown
sample R at 10 K. After thermal annealing, the luminescence
shows multiple-band emission including red, green, and
blue, which may come from the contributions of InGaN clus-
ters of different compositions and sizes. In other words, upon
thermal annealing the nanostructures of part of the clusters
were changed to emit shorter-wavelength photons. The large
SS (1.1 eV) of the as-grown sample R shows the stronger
indium composition fluctuation and/or QCSE when com-
pared with the as-grown sample Y. It is noted that after thergig, 3. Typical CL images beforé) and after(b) thermal annealing of
mal annealing, photon emission from sample R became quiteample Y with the excitation of 3 kV electron voltage.

Ill. CHARACTERIZATION RESULTS
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FIG. 4. Typical CL images beforéa) and after(b) thermal annealing of FIG. 5. Typical CL images beforéa) and after(b) thermal annealing of
sample Y with the excitation of 15 kV electron voltage. sample R with the excitation of 3 kV electron voltage.

(around 3.4 eYcan be clearly seen. Hence, it is believed that
with the excitation of 15 kV electrons. The 15 kV accelerat-certain nanostructures, existing in the deep portion of the
ing voltage roughly corresponds to the penetration depth oinGaN film, can emit photons in the blue range. This result is
1300 nm, deep into the GaN layer beneath. The comparisogonsistent with the side-lobe of the PL spectrum in the as-
between Figs. @) and 4b) shows the same trend of tiny grown sample, as shown in Fig. 1. After thermal annealing,
light spot generation upon thermal annealing as the case ofi@ the shallow layer of the InGaN filni3 kV probe, only
kV-electron excitation. Also, compared with the 3 kV CL blue luminescence exists, that is again consistent with the PL
image[see Fig. 8], the sizes of individual bright spots in measurement. With excitation of higher-energy electrons, the
the 15 kV image are smaller. However, large bright aféas blue luminescence is enhanced and the GaN emission peak
the dimension of micrometersconsisting of many smaller appears. Also, a broad yellow luminescence band is ob-
spots, are formed. They are observed because a CL imagederved. This yellow luminescence is believed to originate
obtained by accumulating the luminescence along the deptlfrom the defects in the GaN layer, instead of the cluster
The same argument can be applied to the annealed samplelminescence in the InGaN film. From the results described

Figure 5 shows the typical CL images of the as-grownabove, we speculate that after thermal annealing, the nano-
(a) and anneale¢b) samples R, both with the excitation of 3 structure of the shallow layer of the InGaN film has been
kV electrons. Compared with the CL image of the as-grownchanged into that similar to the structure resulting in blue
sample Y[see Fig. 8], that of the as-grown sample R
shows light spots of a larger variety in size. This observation

is consistent with the speculation of the stronger indium (a) as-grown Y

composition fluctuation in the as-grown sample R based on _1‘2% ]

the PLE results. After thermal annealing of sample R, the CL [ 5kv ]

image seems almost featureless. Nearly uniform tiny light g | R .

spots, with the sizes close to the spatial resolution of the CL >

system, are observed. Such an observation also implies the z

general trend of cluster shrinkage upon thermal annealing. ﬁ L (o) anneated Y ' e
Figures 6a) and 8b) show the CL spectra of the as- -_12';& :

grown and annealed samples Y, respectively. In each sample, Y 1

the 3, 5, 8, and 15 kV electron voltages roughly correspond F—— 3KV 1

to the penetration depths of 88, 210, 450, and 1300 nm,

respectively. In the as-grown sample, luminescence mainly

in the yellow band is observed in a shallow lay@r kV 20 25 30 35

probe. With increasing electron voltage, not only the yellow Photon Energy (eV)

band, but also the peak of blue Iumlr!escef ween 2.7 FIG. 6. CL spectra with the excitations of 3, 5, 8, and 15 kV electron
and 2.85_8\)’_ can be Obser\(ed- Also, with 8 and 15 kV elec- voltages for the as-growfa) and annealetb) samples Y. All measurements
tron excitations, the luminescence from the GaN layefwere performed at room temperature.
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FIG. 7. CL spectra with the excitations of 3, 5, 8, and 15 kV electron _the distribution B always terminates at around=23.2°,

voltages for the as-grow(a) and anneale¢b) samples R. All measurements |mplying the scl)lu.billity ”m_it of InN in GaN 3_1 around 41%-
were performed at room temperature. This solubility limit is obtained based on a simple calculation

of linear interpolation. It is noted that InGaN within a cluster
is under compressive straitaffected by the surrounding

luminescence in the deeper portion. Hence, the whole InGatGaN of a lower indium compositionin other words, the
film emits blue light. The different nanostructures betweencalibrated indium composition based on the XRD measure-
the shallow and deep portions in the as-grown InGaN filmment could be underestimated.
can be due to the fact that in growing the shallow portion, the  In the comparison between the as-grown samples Y and
high growth temperature had an effect of thermally annealindr, the broader distribution B and higher peak A in sample R
the deep portion. The other possible reason for the differemince again confirm its stronger indium composition fluctua-
nanostructures between the shallow and deep layers is thi®n. We have also compared the XRD patterns between the
effect of composition pulling in growing InGaN filnf$:?2In as-grown and annealed sample$%fter thermal annealing
other words, the average indium content in the shallow layeof the sample, the distribution B splits into two components.
is higher than that in the deep layer. Different average in-The low-indium component is attached to the GaN peak.
dium contents result in different aggregation structures and’his phenomenon may imply a larger contrast of indium
hence different photon emission spectra. In our study, it i<oncentration between a cluster and the surrounding region.
found that the deep-layer nanostructure does not seem fbhe component attaching to the GaN peak is related to the
vary much upon thermal annealing. However, that in thecomposition of the region surrounding the formed clusters.
shallow layer changes significantly. The InGaN cluster formation and InN solubility limit in

Figures Ta) and 7b) show the CL spectra of the as- GaN have important implications in the related studies. Re-
grown and annealed samples R, respectively, with differentently, because of the interest in InN characteristics, the re-
electron acceleration voltages. In the as-grown sample, onliation between material band gap and indium composition
red luminescence is observed in a shallow lay@rkV  has been studiet? In such a study, caution needs to be taken
probe. With higher excitation voltages, not only the red in the measurement of material band gap. Because of the
band but also the broad visible range, particularly a smaltlustering nature of InGaN, the emitted photons for band gap
peak of blue luminescendbetween 2.5 and 2.7 gVcan be  determination mainly come from clusters, which may bear
observed. With increasing electron voltage, eventually thehe quantum-confinement effect. In this situation, the cali-
luminescence of the GaN layer appears. Hence, differerttrated energies are actually not the bulk material band gaps.
nanostructures exist at different depths of the InGaN film inAlso, with the aforementioned solubility limit, the nanostruc-
the as-grown sample R, leading to a broad spectrum of phdures of InGaN compounds of high average indium contents
ton emission. This result is also consistent with the long tailheed to be carefully analyzed before one can determine their
on the high-energy side of the PL spectrum in the as-growrcorrect material band gaps.
sample, as shown in Fig. 2. After thermal annealing, broad Figures 9a) and 9b) show the HRTEM images of the
CL spectra over the ranges of the visible and UV can alwayss-gown and annealed samples Y, respectively. The arrows
be observed with various excitation electron voltagese show the directions of crystal growth. The cluster domain
Fig. 7(b)], that is again consistent with the PL spectrum, asstructures in both samples can be clearly seen. Although the
shown in Fig. 2. Such results confirm the hypothesis of randomain geometry in either sample is quite random, one still
domly distributed cluster structures of different sizes andcan observe that the domain size in the annealed sample Y is
compositions in the annealed sample R. generally smaller than that of the as-grown sample. During

Figure 8 shows the XRD patterns of the as-grownthermal annealing, spinodal decomposition generally reduces
samples Y and R. Besides the GaN pé@k the nearly pure the cluster sizes in the case of our study. In this process, the
InN peak(A), and the InGaN distributiofB), corresponding indium content in an InGaN cluster is expected to increase.
to indium composition fluctuation, clearly indicate strong in- The increase of indium content is supposed to reduce the
dium aggregation processes in the samples. In these two amdfective band gap. However, the shrinkage of cluster size
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FIG. 10. Schematic drawing of the band structure of a quantum cube with
sizel.

hance the exciton binding energy, it has been pointed out that
the increase of effective band gap in energy discretization is
more important than the enhancement of exciton binding en-
ergy in calculating the effective band gap of a &I here-
fore, in our model, it is reasonable to ignore the exciton
effect.

With the exciton effect ignored, the equations for the
electron and hole wave functions can be decoupled. The
wave function solutions of electron and hole can be ex-
pressed as the series expansions of the complete sets of
ortho-normal eigen-functions, with properly chosen coeffi-
cients, of a quantum box with the assumption that the barrier
potential is infinitely high. With the barrier of infinite height,
the amplitudes of the eigen-functions decay to zero at the

should result in stronger quantum confinement and increade®x boundaries. However, with the finite barrier height in the
the effective band gap. The counteraction between the twigal situation, wave functions extend into the barrier to a
mechanisms actually led to the significant blue shift in thecertain distance. To include the wave function penetration
PL spectrum of sample Y. In the next section, we will use ginto the barrier, we choose the dimensions of the infinity-
quantum cube model to calculate the effective band gap of Barrier quantum box to be twice those of the real quantum
cluster with the experimental conditions taken into consider?0%; following an empirical conclusioff. This choice of the

ation. The aforementioned counteraction will be examined. €mpirical factor can slightly influence the numerical results.
However, the key physics is unaffected. After certain deriva-

tions, we can obtain a matrix eigen-problem, which is to be
solved numerically. Ten terms are considered in the afore-
To understand the blue-shift behaviors of the PL spectramentioned series expansion for each dimension.
peak upon thermal annealing, we performed a theoretical In general, with compressive strain in the quantum-
study by calculating the ground-state levels of a quantuntonfined region, the conduction-band and valence-band
box based on a series-expansion model. In the calculationedges are shifted upward and downward, respectively. The
we used certain experimental data of sample Y as input pastrain-induced band structure modification of a quantum dot
rameters, including PL spectral peaks for the energy levels afan be expressed with a product of strain components by a
the effective band gaps, PLE spectra and XRD patterns fodeformation potential® With hydrostatic strains, the strain
the estimates of indium compositions, and HRTEM imagesffects of the conduction band are decoupled from those of
for the sizes of indium-aggregated clusters. the valence band. In the following, we assume that strain is
In our calculations, the theory of a series expansiorzero outside the quantum box and is compressive inside, as
based on the eigen-functions of infinity barrier for the depicted in Fig. 10. In this situation, at tHe point, the
discrete-state wave functions is u$éd® The strain effect is conduction- and valence-band edges are modified by the en-
included by evaluating the lattice mismatch between the inergy shifts SE, and SE,, respectively® In Fig. 10,
dium compositions of a cluster and the surrounding comEg (Ey) (n=0,1,2,...,) represent the discrete energy levels in
pound. For simplicity, we neglect the effect of electron-holethe conduction(valence band. They are to be obtained by
Coulomb interaction. In other words, the exciton effect isnumerically solving the aforementioned matrix eigen-
ignored. Although the exciton binding energy of GaN is quiteproblem. Also,E, is the material band gap of the InGaN
large (~30 meV), those of the InGaN compounds with high compound inside the quantum box.
indium compositions in our samples are still unknown. The  Table | lists the physical parameters used in our calcula-
exciton binding energy usually decreases with decreasingons. We use an edition of the band-gap energy for
band gap. Although strong quantum confinement can enn,Ga ,N as given in Ref. 1. The band-edge discontinuity

FIG. 9. HRTEM images of the as-growi@ and annealedb) samples Y.
The arrows show the crystal growth directions.

IV. THEORETICAL STUDY
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TABLE I|. Material parameters of GaN and InN used for calculations. < 025 P
2 barner Iana N
= cube: In Ga, N
GaN InN E020p T N L
Lattice constantA)? 3 015f w tjg:m < L=6nm i
a 3.189 3.545 2 Y XXX
'YX LA
c 5.185 5.703 Wootop ,ee*®®® :
; _ 211/3 s .
Effective mas¥m=(mym?) . 2 oost AAAAAAAAAAAAAAA“‘
Electron mass along theaxis m, 0.19mq 0.11mq > Ora T YYYYYYVYYYVYYVY
perpendicular to the-axism; 0.17mq 0.1my ] 0.00 ‘11’131111113331133
1.76mg 1.56mg T ©70.10203040506070.80.91.0
Heavy hole mass along theeaxis m; 1.69m, 1.68m, v
perpendlcular to the-axis m, FIG. 12. Heavy hole energy shift&)) as functions of the indium compo-
(mo: free electron mass _ sition in the quantum cube for several quantum cube sizes.
Hydrostatic deformation potenti&tV)?
Conduction-band, 6 3
Valence-band, 0.8 0.5

as those of the electron. Figure 13 shows hydrostatic-strain-
Z';gggﬂig gg: induced energy shiftéE. and 6E, as functions of the in-

dium composition in the cube for the conduction and valence

bands. As indium composition increases, the lattice mis-
(band offsek ratio for the conduction and valence bands ismatch between the cube and barrier becomes larger and
assumed to be 0.67:0.38We calculate the parameters of hence the strain effect is enhanced.
In,Ga _«N, other than material band gap energy, with the  With the calculation results based on the quantum cube
linear interpolation formula. model, we are ready to compare the theoretical predictions

In our numerical calculations, we consider a quantumwith the experimental data. As shown in Fig. 14, we plot the
cube with the dimensioh. Also, the indium composition of electron transition energies, corresponding to the transition
the barrier is fixed at 8%. This percentage is determined witlbetween the ground electron state and the ground heavy-hole
the major absorption peak of the PLE spedieound 3.05 state, versus the indium composition in the cube for several
eV) of the as-grown and annealed samples Y, as shown ioube sizes. These transition energies, denotedEfy, is
Fig. 1. With E4(x)=3.05eV, we can obtaix=0.08. This  defined as
composition is consistent with the attached side-I@yeund
20=34.49 of the GaN peak in the XRD pattern of the an-
nealed sample ¥ At low temperatures, optically excited electrons and holes
Figure 11 showsg values as functions of indium com- relax to individual ground states before recombination.

position for several quantum cube sizes. With the same cub&herefore, we can assume that the measured PL spectral
size, theEg value increases with the indium composition peak corresponds to the enery, . In Fig. 14, the dashed
inside the cube. As indium composition increases, thecurve represents the material band gap QG| _,N inside
smaller electron effective mass of InGaN results in the inthe cube. With the same cube size, the difference between
creasing trend ofgg although the material band gap de- Ep and the material band gap becomes larger as indium
creases. In addition, with the same composition inside theomposition increases. Comparing with the experimental
quantum cube, the variation & is more sensitive to the data, we plot two horizontal lines in Fig. 14 to indicate the
change of cube size as indium composition increases. TheL spectral peaks of the as-grown and annealed samples Y.
smaller electron effective mass of InGaN with a higher in-From the HRTEM images, one can assume 10 nm for the
dium composition can also explain this trend. It is noted thaindium-aggregated cluster size in the as-grown sample Y and
a bound state may not exist in the quantum cube if the com2—4 nm in the annealed sample Y. The assumptions lead to
position contrast or the cube size is too smalFigure 12  the conclusion that the indium compositions in the cube are
shows theE{ values as functions of cube indium composi- around 45% before annealing and around 55% after anneal-
tion for several cube sizes. Their general trends are the sanieg, with the two points connected by the arrow in Fig. 14.

Ep =E§+ 0E.+Eq4+ SE, +Ey. (1)

1.0 ——————T
= bat:”erl lréDBGaOQQN ‘....‘ % 040 F——/———r—"—r———7——r
cube: in Ga ® ~ ] duction band
> I ° ] 3 con AA]
;0'8 [ ] L=2nm L 3 E 035 ® valence band AA‘A
£ A L=3nm U; 0.30F 4 total PO L L
® 0.6Fv L=4nm aAl 8 o5k adan”
Z < L=6nm AAAAL g Agn
D o4L® L= 10nm AAA‘AA ] & 0.20f L
Q- vvvvva"v B 015} aan
c vV" 3 [
g 0.2t yv:<<‘<<<‘44<<<<<- T 0.10¢ ‘g
goo ...1..........--7-- £ 0‘05"‘..’...0000000""
. = P N L
0.10.2030405060.7080.91.0 & 0.00
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X X

FIG. 11. Electron energy shift€€) as functions of the indium composition FIG. 13. Hydrostatic strain-induced energy shif&, and 5, as functions
in the quantum cube for several quantum cube sizes. of the indium composition in the quantum cube.
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E 30} % A "] shallow layers of the InGaN films. P_hoton emission spectra
W J;A. g amnedled PL from the deeper layers were essentially unaffected by ther-
5 25} N {;: AA.""o 1 mal annealing. The spectral changes upon thermal annealing
2 50 _———4’—‘f\\\ "vv AaAs.growr?P‘L_ were mainly attributed to the general trend of cluster size
5 _ A 1’5;‘::“ reduction. The interpretation was supported by the CL, XRD,
R i v N i g;}" and HRTEM results. To obtain a basic physics picture behind
g jofe tom 4 tam S 0 the spectral blue shift upon thermal annealing in the yellow
s v Ciom - }EnglnxGa‘_xN _\‘. emission sample, we theoretically studied the quantum con-
uij 05 01020304050607080910 finement effects of the InGaN clusters based on a quantum
X cube model. The theoretical results generally explained well

FIG. 14. Electron transition energieE4) as functions of the indium com-  the large blue shift in PL spectral peak position.
position in the quantum cube for several quantum cube sizes.
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