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We have examined in detail the optical properties of InGaN quantum WeN§s) grown on
pyramidal GaN mesas prepared by lateral epitaxial overgréohE®) in a metalorganic chemical
vapor deposition system that resulted in QWs{d1101} facets. The effects of In migration during
growth on the resulting QW thickness and composition were examined with transmission electron
microscopy (TEM) and various cathodoluminescen¢eL) imaging techniques, including CL
wavelength imaging and activation energy imaging. Spatial variations in the luminescence
efficiency, QW interband transition energy, thermal activation energy, and exciton binding energy
were probed at various temperatures. Cross-sectional TEM was used to examine thickness variations
of the InGaN/GaN QW grown on a pyramidal mesa. CL imaging revealed a marked improvement
in the homogeneity of CL emission of the LEO sample relative to a reference sample for a
conventionally grown Ig,1:Ga, ggN/GaN QW. The characteristic phase separation that resulted in a
spotty CL image profile and attendant carrier localization in the reference sample is significantly
reduced in the LEO QW sample. Spatial variations in the QW transition energy, piezoelectric field,
and thermal activation energy were modeled using excitonic binding and transition energy
calculations based on a single-band, effective-mass theory using Airy function solutions. Band-edge
and effective-mass parameters were first obtained from a strain- and In-composition-defggmdent
calculation for wurtzite IpGa; N, using a 6<6 k-p Hamiltonian in the{1-101 representations.

The calculations and experiments confirm a facet-induced migration of In during growth, which
results in a smooth compositional variation fraxa=0.10 at the bottom of the pyramid to

~0.19 at the top. We demonstrate the existence of a strong correlation between the observed thermal
activation behavior of QW luminescence intensity and the associated exciton binding energy for
various positions along the pyramidal InGaN/GaN QWSs, suggesting exciton dissociation is
responsible for the observed temperature dependence of the QW luminescence- irbéh® 300

K range. © 2004 American Institute of Physic§DOI: 10.1063/1.1641146

I. INTRODUCTION InGaN films occur as a result of a miscibility gap at relevant
growth temperatures:!! The tendency of the films to de-
Progress in the development of blue-green light-emittingcompose into distinct regions of inplane In- and Ga-rich
diodes and laser diodes has accelerated with the advent ghases has had a profound impact on the resulting optical
epitaxial growth techniques that have realized high-qualityproperties and transport behavior. The behavior of excess
thick lll-nitride films,'~® quantum heterostructurés; and  gjectrons and holes is strongly affected by composition
selective doping of the ternary InGaN systém.Conven-  ynquiations that translate in localized —confinement
tional vertical epitaxial techniques that employ standard sapsotentials, thereby directly influencing the carrier relaxation
phire substrates to achieve lll-nitride growth result in films 5,4 transport and subsequent excitonic formation and
that usually exhibit a high threading dislocation denSityrecombinatior?.z‘ﬁWhiIe it may be possible to exploit such

0 —2 . .
(1.08_ 101h cbm ) and V d.efects, om(r;g to tg,e Iargeflahttlce phase separation in ternary films to achieve a desired dimen-
mismatch between wurtzite GaN and sapphildost of the sionality [e.g., zera(OD)- or one-dimensionallD) regiong,

"Which enhances properties associated with exciton localiza-
defects located near the surface of a GaN buffer layer, growp L o . )
lon, radiative recombination, and lasing, there is clearly a

at low temperatures on the sapptireAdditional complexi- .desire to fabricate thin InGaN films and quantum wells

i reventing the growth of smooth and homogen hin S - :
ties preventing the growth of smooth and homogeneous t (QW9 whose phase separation is minimal and in-plane In

composition homogeneous.

a . . ) . )
, Electronic mail: danrich@bgumail.bgu.ac.i _ A growth approach that has recently shown great prom-
Also with Compound Semiconductor Laboratory, Department of Electrical.

Engineering/Electrophysics, University of Southern California, Los Ange—'jc’e n reducmg the threadlng.dlslocatlion den5|ty inthick
les, California 90089-0241. films to a level of ~10*cm 2 in GaN is the method of
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lateral epitaxial overgrowtiLEO).**"*°In LEO, a dielectric  |nGaN/GaN QW grownona 65
mask_ls deposfced over a starting GaN buffer layer th_at may LEO pyramid _ :g ®
contain a relatively high defect density. The mask is pat-

terned using standard photolithography and reactive ion etch Qw < :2 .. ' ‘e
ing to create selective openings in the mask that possess 20 nm . ./ 40[°°

desired geometry or orientation relative to the GaN. Subse- 1 4 - el e ¥ 23
guent GaN growth then occurs in the opening in both vertical i .

and lateral directions over the dielectric mask, thereby mini- (" EstanCe ()
mizing the vertical propagation of threading dislocations at- §

tendant in the GaN growth on an as-prepared, low-
temperature buffer layer. Having achieved relatively defect-
free regions of GaN, subsequent growth of higher quality
InGaN/GaN QWSs can be performét?? In this article, we
report on the spatial variation in optical properties of InGaN/
GaN QWs prepared using LEO. In particular, we examine a
case in LEO growth in which the resulting shape of the LEO
structure is pyramidal, having facet orientations{bf101
that are not parallel to théd002) plane of the starting GaN
buffer layer. The effects of In migration during growth on the
resulting QW composition and thickness were examined
with low-temperature cathodoluminescen@@L) imaging
and spectroscopy. Spatial variations in the QW transition en-}
ergy, piezoelectric field, and thermal activation energy were
modeled using excitonic binding and transition energy calcu-
lations based on a single-band, effective-mass theory. In thi
work, we aim to understand the underlying processes behin¢ |
the thermal activation behavior of the InGaN/GaN QW lu-

minescence intensity and its measured spatial variations. F!C: 1. Cross-sectional TEM image of a typical LEO-grown pyramidal
mesa obtained along tHd1-20] zone-axis, using bright-field detection. A
higher magnification image of the InGaN/GaN QW is interposed, showing
its corresponding length scale. An inset on the upper right shows a plot of
Il. EXPERIMENT the measured QW widthL(y,) vs lateral distance along tfié¢-100] direc-
tion, where distance0 is the position of the apex.

[1100]—
2um

The growth of pyramidal GaN structures amplane
(0001 sapphire using LEO has been described previously in
detail*>% Briefly, metalorganic chemical vapor deposition accomplished by acquiring a series of discrete monochro-
(MOCVD) was used to grow GaN buffer layers on the sap-matic images, constructing a local spectrum at all %6480
phire substrate, followed by deposition of a 170-nm-thickscan points within the image, and determining the wave-
SiN, mask using plasma-enhanced CVD. Conventional pholength\ ,(x,y) at which there is a peak in the CL spectrum
tolithography and reactive ion etching were used to format each scan pointx(y).?* Activation energy image6AEls)
patterned stripes along thgl1-20] direction, possessing are likewise obtained by measuring the change in the CL
openings with widths of 4um and pitch of 1Qum. The LEO intensity versus temperature for each poixty), determin-
GaN was then grown over the Sjkask at a temperature of ing the local activation energy at each point by a least-
1000 °C for~1 h, resulting in pyramidal stripes possessingsquares fit, and plotting a gray-scale intensity map that rep-
{1-101 sidewalls. Subsequently, a nominal 4-nm-thick resents the activation energyCross-sectional transmission
INg.1:Gay g\ QW at 775°C was grown and capped with a electron microscopyTEM) was performed using an Akashi
70-nm-thick GaN layer. The nominal 15% In composition EM-002B TEM. Bright-field images were acquired along the
represents an average composition for an InGaN film growf11-20] zone axis, which is the direction of the GaN pyrami-
on a flat(0001) GaN buffer. We have prepared a referencedal stripes.
sample without the SiN mask that contains a 4-nm-thick
INg.15Ga gsN QW on a flat(0001) GaN buffer layer, followed |1l RESULTS AND DISCUSSION
by a 70-nm-thick GaN capping layer. A TEM

The CL experiments were performed with a modified™ ™
JEOL-5910 scanning electron microscogSEM).2 A A cross-sectional TEM image of a typical pyramidal
GaAs:Cs photomultiplier tub@PMT) was used to detect the mesa is shown in Fig. 1. Threading dislocations are observed
luminescence dispersed by a 0.25 m monochromator for Cto propagate vertically alon@001] from the interface of the
imaging and spectroscopy. We corrected the measured Chuffer layer into the mesa. The dislocations eventually bend
spectral line shapes according to the spectral response of tlaéong the orthogondll-100] direction, prior to reaching the
PMT in the 350 to 700 nm range. We employed CL wave-inclined{1-101 sidewalls. The quality of the mesa improves
length imaging(CLWI) to enable a spatial mapping of the significantly at a level of 0.5 to Lm above the buffer layer
peak energy of the emission from the InGaN QWs. CLWI isinterface. A higher magnification image in Fig. 1 shows the
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FIG. 2. Spatially averaged CL spectra at various temperatures acquired /G- 3. Spatially averaged CL spectra for the patterned LEO InGaN/GaN
the 80<T<300K range for the patterned LEO InGaN/GaN QW sample. QW sample at different probe curreritg for T=150 K. The InGaN/GaN
Different emission peaks and wavelength positions are indicated. The do2VV Peak position is indicated by a vertical dashed line showing that the line
blet labeled P1 is identified as a free-electron-to-acceptor transition in bulihaPe remains constant over three orders of magnitude of excitation.
GaN.

energies. For e-beam energies greater thd® keV, the

interfacial region between the QW and the GaN barrier. Theémission from the QW decreases rapidly relative to the P1
darker regions in the image represent theGa_,N QW  peak, indicating that the impurity related transition emanates
region. We have quantified the variation in the QW thick- mainly from GaN layers below the QW. The Y-band emis-
nesses by measuring the QW width versus the lateral dission is similarly defect-related and correlates with the pres-
tance (along the[1-100] direction relative to the center of ence of threading dislocations and other related structural
the pyramidal mesa. The results, shown as an inset in Fig. fefects®~>° _ o N

indicate that the QW thickness increases nearly linearly from  In order to examine the possibility of state filling and

about 4.0 nm at the bottom of the mesa$6.0 nm near the €Xxcess-carrier-induced screening of the piezoelectric fields,
top. we have examined the CL spectra for various e-beam cur-

rents, as shown in Fig. 3. Since the line shape remains con-
stant over three orders of magnitude of excitation, we can
assume that carrier filling and screening are negligible in the
Spatially averaged CL spectra of the patterned LEOLEO sample under the present excitation conditions. The
sample were acquired while the electron beam was rasteredeady-state carrier density in the QW is related to the beam
over a 64um X48 um region for a beam energy of 15 keV current by now~2.3x10,(cm~?), where I, is in
and beam current of 100 pA, as shown in Fig. 2. Spectramanoampere$®?> CL results for the reference
were acquired for various temperatures from 80 to 300 K, atn,Ga, _,N/GaN QW sample with nominal composition
shown. All spectra are normalized to have nearly the same=0.15 are shown in Fig. 4. A blueshift 6#38 meV in the
intensity; the scaling factors are indicated. Various peaks ar®W peak is evident ak, increases from 10 pA to 20 nA.
identified as the near-band-edge GaN, yellow-b@tdand  The full widths at half-maximum of these spectra likewise
emission, and QW emission, as labeled in Fig. 2. The doubléhcrease from 80 to 92 meV over this range. Previously, this
labeled P1 located near 375 n{8.30 eV} is identified as shift was attributed to carrier filling effects in phase-
originating from a free-electron-to-acceptor transition in bulkseparated regions, which have locally higher In
GaN?®2"To confirm that this emission originates from GaN compositions?® The absence of such a blueshift in the LEO
layers beneath the QW, we performed a depth-resolvedample is an indication that the local structure is different,
analysis by acquiring CL spectra for various electron beanand immediately suggests an absence of the same phase

B. CL spectroscopy
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FIG. 4. Spatially averaged CL spectra for the reference unpatterned InGaN/ KT (meV'1)
GaN QW sample at different probe currents. A vertical dashed line indicates B
a blueshift in the InGaN/GaN QW peak positionlgsncreases from 10 pA

to 20 nA. FIG. 5. A semi-logarithmic plot of the integrated CL intensity for the LEO

sample(squarep and the reference QW sampliangles vs 1/T, which
exhibits an Arrenhius behavior. The electron beam was rastered over a 64

. . X48 um region for both samples during the measurement. Solid lines
separation present in the reference QW sample. Such phaﬁglicate the results of linear fits, from which corresponding activation ener-

segregation creates local potential fluctuations that are highlyies are determined, as shown.
susceptible to rapid state filling as the excitation is
increased?®®®

In order to examine the temperature dependence of t.hﬁﬁese differences in terms of observed differences in the In

I((QJV\;ri'?hTr:isCSIOE)tIg;[‘e:;]seltyCI_foi:‘]tg;ZitthOer:SSF;?nS,e?atusreemils-composmonal variations between the LEO and convention-
g P y P %Ily grown samples.

shown in Fig. 5. The electron beam was rastered over a 6
pumx48 um region for both samples during the CL intensity
measurements, thereby giving a spatially averaged CL me
surement. The CL intensity values in Fig. 5 represent a
absoluteCL emission comparison between the reference and A conventional SEM image along with scanning mono-
LEO samples. The data show that the luminescence effehromatic images at various wavelengths are shown in Fig. 6
ciency in the LEO sample is about two orders of magnitudeover the same 64umx48 um region of the LEO sample.
greater than that of the reference sample for the measuréethe spatial distribution of the luminescence varies according
temperatures, thereby demonstrating the marked enhance the wavelength as a result of the compositional and well
ment in the material quality and reduction in average defecwidth variations across the pyramid. The TEM results further
density for the LEO-grown sample. The results yield spadead to the anticipated redshift of QW emission near the
tially averaged activation energies of 39 and 34 meV for themesa top since the QW width increases from the bottom to
unpatterned and LEO QW samples, respectively, in the 15€he top of the pyramid. Likewise, the Y-band emission

to 300 K temperature range. For the lower temperature range565 nmj is observed localized near the top of the pyramid,
(80 to 140 K, a change in the slope of the CL intensity consistent with the expectation that a higher density of
versus temperature is observed, and yields activation enethreading dislocations are found over the window region of
gies of 18 and 8 meV for the unpatterned and LEO QWSIiN mask relative to the sidewaltsver the SiN mask/~*°
samples, respectively. Again, we expect that differences ithereby allowing for the vertical propagation of these defects
local structure between the two samples ought to affect th&o reach the top and affect the ensuing electron—hole recom-
nature of exciton dissociation. We will attempt to explain bination. In Fig. 7, the CLWI and AEI are shown below a

%. Monochromatic CL imaging, CLWI, and AEI

Downloaded 01 Feb 2004 to 132.72.138.1. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



1836 J. Appl. Phys., Vol. 95, No. 4, 15 February 2004 Khatsevich et al.

160 P &

CL Int. (a.u.)

406

§
|

FIG. 6. SEM imagéa), and monochromatic CL images for the LEO InGaN/
GaN QW sample at various wavelengths=406 nm (b), A=415 nm(c), 60
N=424 nm(d), A=434 nm(e), andA=565 nm(Y-band emission(f). The

e-beam excitation conditions wekg =15 keV andl =125 pA at =166
K, with the electron beam rastered over a/#x48 um region. The length
scale for imagesa)—(f) is indicated in the SEM image.

E, (meV)

scanning monochromatic imageXat417 nm. Temperatures
in the range of 150 to 200 K were used to construct the AEL.
In order to better observe the existing spatial correlations
between CL intensityc, , activation energ¥,, peak emis-
sion wavelength\,,, Y-band, and secondary electron inten-
sity (i.e., I sg, the SEM imaging intensiy a binning of pix-
els along an arbitrary horizontal line in the images of Figs.
and 7 permits, respectively, a 1D representationcpf Ea, sample: monochromatic CL image %417 nm andT =166 K (a), CLWI
A, Y-band, and gg versus linear distanckein Fig. 8. The  image aff=300K (b), and AEI constructed in the temperature range of 150
apexes of the pyramid are identified by the peak$gfin to 200 K (c). The length scale for all imagés)—(c) is indicated in the CL
Fig. 8e), and are seen to correlate spatially with a peak inf™magd®
Am. Y-band, ancE, . From the lower edges of the pyramids,
Am» Ea, lcL, and Y-band increase from the bottom to the
top. There is a noticeable dip iy, as the electron beam Some micrometer-scale variationsNg,, E5, andl¢_ . Vari-
approaches the apex. This dip, as observed before, is correus surface imperfections on the GaN pyramid, as observed
lated with the presence of Y-band emission and is likelyin the SEM image of Fig. ®), may partially explain such
caused by threading dislocations that have reached the top gériations. Two large imperfections are indicated by dashed
the pyramid. The combination of the additional Y-band chan-arrows. Smaller imperfections, while not visible under the
nels andnonradiative channels are sufficient to cause the current SEM imaging conditions, may influence the details
observed decrease in the luminescence efficiency of thef the In cation migrationgiving rise to such variations.
Qw3334 Spatial variations are further accentuated in the AEI of Fig.
The relative increase iN,,, E5, andlg near the apex 9(e), by employing a detection window about 10 nm off the
suggests a strong connection with an increase in both QWominal peak position ok=420 nm since small changes in
width (Low) and In compositiorx, near the apex. While an  \,, will bring about larger relative variations i (T) when
increase in\, is directly related to an increaselig, andx,  the wavelength detection window deviates fram. Before
additional considerations are needed to explain the behavigroviding a detailed model of the AEI behavior, it is first
of Ea, andl¢_ versusl. A set of images in Fig. 9 that were necessary to consider a similar CL imaging analysis of the
obtained at higher magnification illustrate the existence ofinpatterned referenced sample.

<

6FIG. 7. A set of images obtained with an electron beargf 15 keV and
1g=125 pA over a 64umx48 um region for the LEO InGaN/GaN QW
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FIG. 9. A set of images obtained with an electron bearkgf 15 keV and
1g=125 pA over a 12.8:mx9.6 um region for the LEO InGaN/GaN QW
sample: CLWI imagéa), SEM image(b), AEI and CL image ah=420 nm

(c) and(d), and AEI and CL image at=430 nm(e) and(f). Temperatures

in the range of 150 to 200 K were used to construct AEI. Two large surface

imperfections are indicated by dashed arrows in the SEM inflage

Distance (um)

FIG. 8. Line-scan analysis for the LEO InGaN/GaN QW sample showing
(a) the peak wavelength,,, (b) activation energyE,, (c) integrated CL
intensity of QW emission(d) integrated CL intensity of Y-band emission
and(e) secondary electron intensity versus distance along an arbitrary line in

[1-100Q] direction. The _vertical dashed lines illustrate the spatial correlationEA, andl(:L for the LEO sample are evidently reduced sig-

between peaks and dips of these scans. - . .
nificantly relative to that for the reference sample, owing to
the estimated-four orders of magnitude reduction in thread-

) i ing dislocation density and reduced In phase segregation ex-
CL imaging results for the reference QW sample are

h - d velv. The i pected for the LEO sample.
shown in Figs. 10 and 11, respectively. The imagea.qf We also note that CL imaging further reveals that the

Ea, andlc are shown in Fig. 10 and illustrate the Spotty gj,¢ of the |n- and Ga-rich regior(dright and dark spots,
nature of 'the InGaN QW g'rowth on the .GaN Iayers'_Therespectivelyin the reference sample depends on the level of
distinct bright and dark regions of emission are consisteng, iation. The minimum feature size scales by a factor of
with a strong localization of excitons prior to radiative _5 ;< the beam current is increased from 0.3 to 1 nA at a
recqm_binatioriL.s The '_A‘EI appears simi_lar tq the momChm'_beam energy of 10 keV. The increase in the feature size is
matic image, yet th(_a information gontamed in these images I1§,vidently related to the rapid band filling of carriers in the
very different. Ag_aln, the AEI,_ _Ilke. that of_ the patterned In-rich regions which, in turn, change the shape of the po-
sample, was obtalngd by acquiring images in the 150 t9 20Pential variation in the vicinity of the In-rich center owing to

K range and extracting the activation energy at each point bgcreening. The resulting drift and diffusion of carriers to-

Imeqr fl'tZ' Ahll:é IPIOt OLtT'S_ﬁata IS shr:)wn in Fig. ll,lapd trg)e wards the local minima are therefore altered and result in the
vertical dashed lines help illustrate the strong correlation €axcitation dependence of the CL feature sizes.

tween peaks and dips for each of the parametgs E,,
andl . These results are consistent with the lateral bandga
variation that accompanies phase separation into In- and G
rich regions of the QW. The positive correlation between
Am, Ea, andlg is understood through a simple model in In order to model the observed variations in the inter-
which In-rich regions naturally lead to a smaller QW band-band transition energies, exciton binding energies, and ther-
gap that will induce an increase in the collected local carriemal activation behavior, we have employed a single-band,
density and lead to an increased CL intensity. Likewise, theffective-mass approximation in the calculation of the elec-
decrease in QW bandgap in In-rich regions will increase théron and hole eigenstates of the Gy _,N/GaN QW. We
exciton localization, resulting in a greater thermal energyhave first employed a fulk-p perturbation method that is
required for exciton dissociation that is reflected by theappropriate for strained wurtzite semiconductors to calculate
largerE, . In comparison with the corresponding images forthe bulk valence-bandVvB) dispersions and hole effective
LEO growth in Figs. 69, the local spatial variationsnigy , masses for dispersion along the relevéil01) directions,

). Model for spatial variations in exciton binding
energy and interband transition energy
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FIG. 11. Line-scan analysis of the reference unpatterned InGaN/GaN QW
sample showinga) the peak wavelength ,, at T=300K, (b) activation
energiesE, constructed from data in the 150 to 200 K range érjdnte-
grated CL intensity T= 166 K) versus distance along an arbitrary line. The
vertical dashed lines illustrate the spatial correlation between peaks and dips
for these scans.

In Table I, we list the values that we employed in Gy
calculation from the various referenced sources. The strain
tensor components;; , along with the piezoelectric tensor
elementsd;;, , and spontaneous polarization paramégy,
are also used to calculate the electric fiElg,, experienced
|F|G'113% '; Sgt/z: i;]‘:g;;;’qb;azizedn‘q"’i:g ?gneg‘r:t:ﬁg ?gfififi;i Eeztf‘ef:?]ed by electrons and holes in the QW. A spatial variation in the In
Ir?GaN/GF;N QW sample: monoléhromgatic CL imagenat408 nmpandT compositionx occurs qs a result O_f the. MOCVD grth ona
~166 K (a), CLWI image atT=300K (b), and AEI constructed in the nonplanar facet, leading to the diffusion and migration of In
temperature range of 150 to 200 (¢). The length scale for all images towards the top of the pyramidal mesa during grofftls
(@—(c) is indicated in the CL image. previously discussed. After a determination of the VB energy

dispersions for a given In composition, the heavy-hole effec-

tive masses for dispersion alokg-101) (i.e., the QWz di-

rection, mf,, and the average in-plangl-103 effective
which are normal to planes of the QW grown on the pyra-massesmy},, were determined and were found to be well
midal faces®3¢ The relevant parameters in tlep method approximated as linear functions xfOur calculations yield
for a wurtzite crystal include tha; , which are similar to the mf, =(1.48+0.1%)m, and my}=(0.80+0.77%)m,. The
Luttinger parameters in a zinc-blende crystal; Ehe which  electron effective masses for dispersion in the QWy
are the deformation potentials for thg @e, N layers;c;; , plane and along the QWdirection are obtained by a linear-
which are the elastic constants, aggl, the strain tensor ization between values for InN and GaN ag’=(0.23
components, which are appropriate for our pseudomorphi—0.13)m, andmZ=(0.19-0.08)m.
cally grown QWs on thé1-101 faces® Thek-p calculation Single-particle electron and hole wave functions
was performed by transforming thexé Hamiltonian for the ¢, ,(z), and ground state energies were determined by solu-
VB structure in the wurtzite crystal from tH®00)) orienta-  tions to the Schrdinger equation for a particle subject to an
tion into the appropriate strain-dependent Hamiltonian for zelectric field Foy. The solutions involve linear combina-
biaxial stress in thé1-101} plane of the QW grown on the tions of Airy functionsAi(z) andBi(z).*®*°We used a stan-
pyramidal sidewall. Th&-p parameters for fGa N were  dard transfer matrix method (TMM) for these
obtained by linearizing between those for InN and GaN for acalculationg'®>° The conduction to VB offset in wurtzite
given compositiorx. The unstrained kGa, _,N bandgap at In,Ga _,N is assumed to be independentxpfand is taken
the room temperature By=3.44-3x.% asAE./AE,=70/30%%1 The strain induced increase in the
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TABLE |. Material constants used in the calculations. mass of the electron—hole pair, aig is the exciton binding
energy>® V(r) is the effective in-plane Coulomb potential,

N Gt which is given by

€ 15.3 8.9393

me, (M, 0.1 0.1

s 0.10 023 vin-- f oz, f 4z, [Pz nz) -

A -9.28 -6.56' € Jr2+(zo—z,)?

A, —-0.6° -0.91¢

23 _i'gi _g'gi wheree is the background dielectric constamg, andz, are

AZ 437 319 the respective yarlables for the ;lngle-partlcle electron and

A —6.08 —4.86 hole wave functiong), n(ze ,), obtained from the TMM pro-

ac, (eV) -4.08 —4.08 cedure. The reduced magsis obtained from the in-plane

ac. (eV) —4.08 —4.08 electron and hole masses for a given In compositipas

gl gi g'; described earlier. The method of finite differences was used

D; 14 1% to solve the eigenvalue equation of Ed) for Eg.

D, 07 _0.7° We further observe from Fig. 8, that the integrated inten-

Ds —4 —4° sity of CL emission from the QW sharply decreases for

De *19-3 -10.3 e-beam positions approaching the lower edge of the pyramid.

il(mev) 4%) 29 li’: We attribute this decrease to be due to a relative increase in

Ag 034 48 the strain-induced piezoelectric field near the bottom of the

Cy1(GPa) 224 370" pyramid which acts to separate spatially the electron and

C,,(GPa) 118 145" hole wave functions. We note that defects in the pyramid are

C13(GPa) 92 10 primarily localized at the top of the pyramid and not at the

8335223 Zig 335 bottom, as evidenced by the enhanced Y-band emission seen

d;f(cm—ZPa—l) 3147 1053 in the CL images of Figs. (6) and &d). This Y-band emis-

das(cm 2 Pah) 6.201 2291 sion however is not prominent in the emission near the lower

dys(cm 2Pat) —2.292 -1.579 half of the pyramidal mesa, where the large decrease in the

Psp(Cm?) —0.032 —0.029 CL intensityl ¢, , occurs. Thus, it appears most likely that a
“Reference 26. variation in the total field=q,y, along the pyramidal side-
bReference 38. walls causes the large variations in CL emission. Assuming a
ZReference 39. roughly constant effective carrier lifetime throughout the
egz;g::ggz:gi 42 lower through middle regions of the QW on the pyramid, the
'Reference 43. integrated CL intensity I (1) is given by I¢(l)
9Reference 44. «|f dzgre(z,1) n(2,1)|?, wherel is the lateral distance from
"Reference 45. the mesa top.

‘References 46, 47. We find that in order to reproduce the measured drop in

| o, observed in Fig. &) near the bottom edge of the pyra-
mid, it is necessary to assume a linear decrease in the field

bandgap is given by solutions from thep calculations Fow from the bottom to the top of the pyramid. By itera-
which included the deformation potentials for a particulartively calculatingie(z,1) and ,(z,1) from the TMM, and
strain tensor. comparing the overlap of the single-particle electron and
We have solved for the ground state wave function and0lé wave functions with the spatial variation lig (1), we
binding energy of Wannier excitons which are assumed to bénd thatFqy decreases approximately linearly from 1.0 to
formed by electrons and holes in the s _,N/GaN Qw  0.08 MV/cm from regions near the bottom to the top of the
using the Airy function solutions just described. By utilizing Pyramid; that is, from =0 to 3.75um. Such a variation in
the electron and hole wave functions from the TMM calcu-field is evidently caused by a strain relaxation that also varies
lation, we reduce the two-body exciton problem into a radialin @ nearly linear fashion from the bottom to the top of the
eigenvalue equation that involves the electron—hole relativéesa. The TEM image of Fig. 1, which shows the enhanced
motion in an effective in-plane Coloumb potenfialThe  Propagation of threading dislocations near the top, together
Hamiltonian of the exciton in a QW within the effective- With the localization of Y-band emission near the top, sug-
mass approximation can be reduced to the following radia@ests the existence of such a relaxation behavior through

. . . . . . H H 5,28,33
equation, which describes the relative in-plane exciton modislocations?™***We show an example dfe(z,1)|* and
tion: |4n(z,1)|? obtained from these calculations illustrated on the

QW VB profile in Fig. 12 for a fieldo,,=0.38 MV/cm and
distancel =2.5um from the lower edge of a pyramid.
d In the simplest model that attempts to correlate structural
r 35| @e-n(N)+V(1) de_p(r) = —Egbe_n(r), k et reate sTuety
and compositional variations in the QW with variations in
@D the QW luminescence energies along the pyramid, we take
both the In compositiorx and the QW widthlL o to vary
wherer is the relative in-plane coordinatg, is the reduced linearly from the bottom to the top of the mesa. The latter

K2 1d
C2upr dr
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FIG. 12. The potential structure with plots|afu(z,1)|2 and| ¢ (z,1)|? for a FIG. 13. Comparisons between calculated QW exciton binding er{dmgy

strained wurtzite 1gGa _,N/GaN QW grown on thd1-101 faces. An ex- ted ling W'.th ex_perlmentally measured actn_latlpn ene(g_plld ling) from

- : . - AEI vs position in(a) and calculated QW excitonic transition enekgptted
ample is shown from our model which yieldsg,,=0.38 Mv/icm andx line) with experimentally measured QW luminescence endésmpid line)
=0.16 at a distancé=2.5um from the lower edge of a pyramid. The P y

f ition inb).
ground state energy and effective barrier heights of electrogs 4AF) and fom CLWI versus position ir(b)
holes (Eg,Ay) are indicated.

sured CL activation energids, from AEI in the 150 to 200
assumption is supported by the TEM measurements, whicK range(i.e., in the high-temperature rang&hese calcula-
showed a nearly linear variation lng,y, from 4.0 nm at the tions yield a variation inx from 0.10 at the pyramidal bottom
bottom to 6.0 nm at the top of the pyramid. The diffusion andto 0.19 at the pyramidal top. All data in Fig. 13 is shown as
migration of In on variousion-planarfacets during growth a function of positionl relative to the lower left edge of a
of various llI-As and -N systems have been observed angyramid.
have exhibited large lateral variations in the bandtjafhus, The calculations confirm what has qualitatively been in-
we have performed a series of iterative calculations that atferred from the CLWI results, namely, the large variation of
tempt to fit the CLWI data of Fig. @ by calculating the about=0.05 in the In composition along the sidewalls of the
interband transition energy and exciton binding energypyramids from the nominal value of=0.15 during growth.
through (i) a k-p calculation of the In composition- and The facet-dependent migration of cations on high-index crys-
strain-dependent effective-mass and band-edge parametetal, facets of Ill-V surfaces during growth is well
followed by (ii) the TMM calculation ofyro(z,1) andy(z,1)  documented®®* Another fundamental conclusion drawn
using Airy functions with the appropriate position-dependentfrom the results relates to the strong correspondence between
fields, and(iii) calculation of the exciton binding energies E, and the calculated exciton binding energy, as ob-
Eg, which also depends on the positibiWe allow only the  served in Fig. 1@). This correspondence strongly suggests
compositionx to vary linearly from the bottom to the top so that the observed thermal activation behavior in the inte-
as to minimize the difference between the measured and cafrated CL intensity for the high-temperature range of 150 to
culated interband transition energies of the QW. The primang00 K is caused by dissociation of the QW excitions accord-
constraints in this model are a linear variationLig, from  ing to the Boltzmann activation energy behavior; that is,
4.0 to 6.0 nm from the bottom to the top of the pyramid andl ngocexp(—EB/kBT). A previous common interpretation of
a matching of| [ dzy.(z,1) ¥n(z,1)|? with the spatial varia- thermal activation, as it relates to the changédnversusT,
tion in I, which yields the linear dependence of the fieldis that electrons and holes are re-emitted from their respec-
Fow on positionl. tive ground states into continuum states of the barrier,

The results of the calculations are shown in Fig. 13 forthereby reducing the rate of electron—hole pair radiative re-
T=300K. The excitonic transition energy and excitonic combination as the temperature is increaSedrevious
binding energy are shown in the plots along with the meatemperature-dependent CL studies of InGaAs/GaAs QWSs
sured QW luminescence energy from CLWI and the meaand quantum dot§QDs) have shown a strong similarity be-
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400 that resulted in QWs 0/1-101} facets. The effects of In
T=300 K - ==-=-4, (Electrons)

A, (holes)

migration during growth on the resulting QW composition
and thickness were examined with TEM and various CL im-
aging techniques, including CL wavelength imaging and AEI
(activation energy imaging Spatial variations in the lumi-
nescence efficiency, QW interband transition energy, thermal
activation energy, and exciton binding energy were probed at
various temperatures. CL imaging revealed a marked im-
provement in the homogeneity of CL emission of the LEO
sample relative to a reference sample for a conventionally
grown InGaN/GaN QW. The characteristic phase separation
that resulted in a spotty CL image profile and attendant car-
rier localization in the reference sample is significantly re-

, duced in the LEO QW sample. Spatial variations in the QW
8 transition energy, piezoelectric field, and thermal activation
Distance (um) energy were modeled using excitonic binding and transition
energy calculations based on a single-band, effective-mass
theory. The calculations employed band-edge parameters ob-
tained from a strain- and In-composition-dependeptcal-
culation for wurtzite 1nGa 4N with the 6X6 valence band

tween the measured thermal activation energy and the caIm'I'—""m"tonian in the{1-10 representations. The calculations
lated effective barrier heights of electrons and halesand and experiments confirm a facet-induced migration of In dur-
A, respectivelyi.e., the energy difference between the QWing growth that results in a smooth compositional variation

or QD ground state energies and the barrier 18/8I% as from x=~0.10 at the bottom of.the pyramid t6=0.19 at the _
illustrated in Fig. 12 for our case. In order to consider thel®P- We demonstrate the existence of a strong correlation

possibility of thermal re-emission over the effective barriers,be"t""een the observed thermal activation behavior and the

we plot the effective barrier heights from our calculations forc@/culated exciton binding energy for various positions along
electrons ) and holes andX,) versus distancein Fig. e Pyramidal InGaN/GaN QWs, suggesting exciton disso-
14. Near the mesa top, and A,, are 335 and 146 meV. ciation is responsible for the observed temperature depen-
respectively, in comparison to a measured activation energfeNc€ Of the QW luminescence in the high-temperature range

E, of ~34 meV and calculated exciton binding energy of 30 f ~150 to 300 K.

meV. Thus, we conclude that thermal re-emission of carriers

contributes negligibly to the observed thermal activation be ACKNOWLEDGMENTS
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