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We have examined the optical properties of self-assembled InAs quantum(@D8 grown

on prepatterned GaA®01) substrates with polarization sensitive and time-resolved
cathodoluminescend€L) imaging and spectroscopy techniques. The InAs QDs were formed using

a novel application in self-assembled molecular beam epitaxial growth, which entailed the growth
of InAs on preformed110]-oriented stripe mesas. Interfacet In adatom migration occurred along the
stripe side-walls during growth, enabling the selective formation of linear arrays of InAs QDs on the
stripe mesas. The total InAs deposition needed to induce the two-dimensional to three-dimensional
morphology change on the stripes is less than that required to initiate QD formation on the
unpatterned substrates. The QDs formed on the mesa top were found with a luminescence
distribution redshifted relative to QDs in the valley region, indicating that QDs with a larger average
size were formed on the mesa top. The lower density of QDs in the valley region led to a weaker
emission and sharpéklike transitions at lower beam currents, relative to emission from QDs on the
mesa. CL imaging was employed to study the spatial distribution of luminescence and identified the
presence of relatively small QDs situated near the edges of the valley region along the lower surface
of the stripe edges. An excitation- and energy-dependent polarization anisotropy relative to the
(110 directions was observed in CL emission. A polarization anisotropy reversal was found
between CL from QDs on the mesa and in the valley regions, revealing the importance of the stress
anisotropy in both the formation of QDs and their subsequent optical properties. The CL was
examined as a function of temperature to evaluate the thermal re-emission of carriers and the
associated activation energies. The carrier relaxation kinetics were studied with time-resolved CL to
measure differences in the CL onset and decay rates for QDs in the valley and mesa regions.
© 1998 American Institute of Physids50021-897@8)05323-7

I. INTRODUCTION strain-dependent incorporation and elastic interaction of is-
lands through the substrate:**Vertical self-organization of
The molecular beam epitaxidMBE) growth of InAs  the islands has been demonstrated by utilizing the strain field
self-assembled quantum ddSAQDS on GaAs has in re- in the cap layers induced by three-dimensiofgi) islands
cent years drawn a great deal of attention, owing to its greags a driving forcé!**Recently, a lateral spatial selectivity in
potential for applications in lasets, infrared detectorS;"  the control of InAs SAQD formation has been demonstrated
and single-electron transistot§ The MBE growth and for-  py the growth of InAs on patterned Ga@91) substrated®
mation of a high density of strained pyramidal InAs islandspowing to a stress-driven interfacet In adatom migration on
on unpatterned GaAB01) substrates has been demonstratedzaas mesa sidewalls, parallel chains of InAs SAQDs on
and systematically studied by a number of autfof8The  Gaas stripe mesa tops have been fabric&fe@ptoelec-
density and size distribution of the InAs QDs as a function ofi.gnic devices based on SAQD active regions will likely ben-
InAs coverage has been studied in detail using scanning tunsfit from innovations in the stress engineering employed to
neling microscopy(STM) and atomic force microscopy control the size and shape uniformity, lateral arrangement,
(AFM).""The InAs SAQDs form with a substantial varia- ang ordering of QDs. Thus, it is necessary to explore the
tion in size, thereby yielding a unique spectrum of confinedaytent to which the patterning geometry, cation migration,
o-like states for each QD. The inhomogeneity in height andyng residual strain fields during the SAQD formation will
lateral size of the SAQDs results in a brogth—60 meVY impact its subsequent optical properties.
Iumingscgncl% line shape, whose width depends on the level Temperature- and excitation-dependent photolumines-
of excitation: . cence (PL),*718 polarized PL!®% and time-resolved PL
Various attempts have been made to control the sizegy,qje2l-23have been performed by several authors for InAs
shape, and spatial arrangement of InAs SAQDS? Experi- SAQDs grown on unpatterned GaAs substrates. In this
ments have shown that SAQDs, at the later stages of grovvtfﬂ,aper’ we report on the optical properties of InAs QDs
have a tendency toward lateral size equalization, owing to Qrown selectively on top of mesa stripes prepatterned
into GaAg001) substrates. The studies were carried out uti-
dElectronic mail: danrich@almaak.usc.edu lizing polarization sensitive, excitation- and temperature-

0021-8979/98/84(11)/6337/8/$15.00 6337 © 1998 American Institute of Physics



6338 J. Appl. Phys., Vol. 84, No. 11, 1 December 1998 Rich et al.

dependent, and time-resolved cathodoluminescédtgim- nA. The temperatur€rl) of the sample was varied from 87 to
aging and spectroscopy techniques. In order to achieve tH#0 K. Details of the optical collection system have been
desired GaAs substrate template for spatially selectivg@reviously reported® CL spectra were obtained with a 0.275
growth of linear arrays of SAQDs, we employed a size re-m monochromator and a Si charge coupled dev{Cc€D)
ducing epitaxial growth to obtaiin situ, mesa top widths of detector, enabling a maximum spectral resolution of 0.1 nm.
less than~200 nm'®2* Subsequently, In adatom interfacet For monochromatic CL imaging and time-resolved CL ex-
migration occurred during the InAs growth on stripe sideperiments, a Si avalanche photodiode was used. The method
walls that possessed a prearranged facet orientation and esf-delayed coincidence in an inverted single photon counting
abled the selective formation of InAs QDs on stripe mésas. mode was employed for the time-resolved study with a time
The total InAs deposition needed to induce the 2D to 3Dresolution of ~100 ps® Electron beam pulses of 50 ns
morphology change on the stripes is less than that required width with a 1 MHz frequency were used to excite the
initiate QD formation on the unpatterned substrates, owing t@ample. Linearly polarized cathodoluminescen¢d’CL)

the In migration on the mesa side walfsAn energy- and measurements were performed by detecting luminescence
excitation-dependent polarization anisotropy was observed iwith a rotatable vacuum linear polarizer mounted in the SEM
CL emission from QDs. A reversal in the primary linear chamber® Luminescence was detected with the electric field
polarization orientation is found between QDs residing on(E) along either thé110] or [110] directions to evaluate the
and off the mesas, revealing the importance of the stregsresence of an anisotropy caused by strain or quantum con-
anisotropy in both the formation of QDs and their subsequentinement.

optical properties.

Ill. RESULTS AND DISCUSSION
Il. SAMPLES AND EXPERIMENTAL SETUP A. Spectrally and spatially resolved CL of the mesa

InAs SAQD structures were grown by MBE on prepat- and valley regions

terned GaA®01) substrates. The details of the sample  SEM and corresponding CL plan view monochromatic
preparation and growth have been described elsevifiéte. images of the sample maintained &t 87 K are shown in

A GaAg001]) substrate patterned with stripes along [th&0] Fig. 1(a). The various wavelengths shown were chosen after
direction was prepared by chemical etching and followed bya series of local CL spectra were acquired by fixing the e
anin situ size reducing GaAs epitaxial growth to achieve thebeam on a spot during the spectral acquisition. A beam cur-
desired shapes of the sidewall facets prior to the depositiorentl, of 1 nA was used. The arrows in the images are used
of InAs. The control of the size, shape, and orientation of theas a marker to reference the same position on the sample for
{114/{113 type sidewall facets is essential in creating aall images. The tips of the arrows point to the approximate
migration path that allows In mass transport along the mesaenter position Ax=0) of a mesa stripe. The white vertical
sidewalls during growth®>?* The current GaAs etching and line in the SEM image delineates a line along which the e
regrowth procedure enabled a trapezoidal mesa shape, eldmeam was positioned. Figureh} illustrates the positioning
gated along thg110] direction, to have upper and lower base of the electron beam along a line with variable distarice,
widths of ~0.2 and~2 um, respectively. The distance be- relative to center of a mesa top so as to acquire CL spectra
tween the centers of neighboring stripes-ig um. Subse- with a localized excitation. Such local CL spectra were ob-
guent to the GaAs mesa preparation, 1.45 monoléykr)  tained to assess the spatial variation in the SAQD emission,
of InAs was deposited at 500 °C. A separate AFM study ofas shown in Fig2 A spatial variation in the spectra is ex-
samples grown in this way for mesa top widths less than 0.pected, owing to a facet-dependent In cation migration that
pum showed that SAQDs form on the mesa top for an InAscan occur on a length scale 6f1 um during MBE growth
delivery of 1.45 ML owing to In migration from the side- leading to a spatially dependent SAQD densfty’ The CL
walls to the mesa top. When the upper width of the stripespectra exhibit a broad50 nm) asymmetric hump centered
mesas exceeds 0.2 um, SAQDs do not form for the same at ~950 nm when the e beam is positioned near the center of
InAs delivery of 1.45 ML thereby indicating a critical in- a stripe mesa Ax=0). The spectra gradually exhibit a
terplay between InAs delivery, mesa geometry, and SAQDsharper multicomponent line shape with the center of gravity
formation. AFM measurements showed that the averagblueshifted by~30 nm as the e beam is positioned near the
InAs island density on~0.1 um wide mesa tops is-1000 center of the region between the striges., the valley re-
wm™2, resulting in an average island spacing-e80 nm.  gion) at Ax=1.91 um. Given the mesa shape and bottom
AFM also showed the presence of parallel rows of QDs orwidth, this corresponds to a separation of less thaam

the mesa tops. The SAQDs were capped with a 50 nm thickom the bottom edge of the mesa. The distinct emission at
GaAs layer grown by migration enhanced epitaxy. The un868 nm in the valley region is due to the excitonic recombi-
patterned planar region, far from the patterned part of th@ation in the InAs wetting layefWL).2 This emission is
sample, is expected to exhibit no QD formation since thenoticeably absent for excitation on the mesa td€0),
1.45 ML InAs delivery is less than that required to initiate revealing marked differences in the carrier relaxation and

QD formation on a planar GaA801) substraté!~13 collection in the QDs between the mesa top and valley re-
The CL experiments were performed with a modifiedgions.
JEOL-840A scanning electron microsco{8EM) using a 15 The broad emission peaks with wavelengths greater than

keV electron beam with probe current ranging from 0.1 to 10~880 nm are due to excitonic recombination in QDs for the
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FIG. 2. Local CL spectra acquired along a line orthogonal to the mesa
stripes(i.e., along the white line in the SEM image of Fig. fbr various
distances relative to the center of a mesa. The distance of 0 refers to the
center of a mesa stripe and a distance of Ju®l is close to the center of a
valley region.

mesa valley edgey thereby yielding QDs in both regions. The
mesa center valley lower edge ~30 nm b_Iueshift of the center qf gravity of the QD lumi-
nescence in the valley edge region relative to the mesa top
FIG. 1. SEM and CL images of the InAs QD sample showing the valley andindicates that the QDs in the valley possess a distribution of
mesa regionga) and a schematic diagram showing a cross-sectional view ofsmaller or more strained QDs relative to the ensemble resid-
e o o sy The toon W pent s s onon 190N e mesa tops. The reduced tofal SAQD emission
oon a mesa stripe for all ima.ges. Monochromaptic CL images are shown fo}Nhen the beam is p05|_t|0ned In th_e valley region m_dlcates a
various wavelengths, as indicated. reduced average density of QDs in the valley relative to the
mesa tops. We note that the center wavelength positions of
the CL spectra for excitation of both the mesa top and valley
e beam positioned in both the mesa top and valley regionsegions are blueshifted by 50-100 nm relative to that for
The presence of QD emission for an e beam positioned in theamples with SAQDs grown on planar substrates under simi-
mesa top regions is expected, given the AFM results on th&r growth conditions®'+1-23Thus, the stress-driven cation
existence of SAQDs on mesa tojisThe presence of such an migration is evidently responsible for creating an ensemble
emission for excitation in the valley region, less thaprh  of smaller QDs or QDs possessing larger average compres-
from the mesa bottom edges, indicates that In migratiorsive strains relative to SAQDs grown on planar substrates.
along the facet sidewalls occurred towards the valley region A line scan analysis of the CL imaging data is shown in
as well, and some SAQDs formed near the valley edges. Theig. 3 showing a plot of the CL intensity versus the position
In deposition of 1.45 ML is less than thel.57 ML cover- along a direction perpendicular to the stripes. The zero point
age required to initiate QD formation on an unpatternecbaseline is shown for each line scan to illustrate the differ-
GaAs samplé!~13 CL spectra of an unpatterned region of ence in relative intensity between QD emission on the mesa
this sample, far from the stripe mesas, confirms the absen@nd valley edge regions. A distinct broadening and double
of a QD luminescence and the presence of only the WLlpeak behavior in the 890 nm CL image and 890 nm line scan
emission. Thus, these CL results show that the In migratiois observed in Figs. 1 and 3. These intensity peaks are sepa-
yields an effective local coverage greater thah.57 MLon  rated by ~1.1 um. The full width at half maximum
the mesa tops as well as the mesa bottom edges the (FWHM) of the 890 nm peak in the line scan-s2.2 um.
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FIG. 4. Linear polarized CL spectra of the mesa top for various electron
beam currents. CL was detected with the electric figlcriented with
E[[110](solid lines or EL[110](dashed lines

FIG. 3. A monochromatic line scan analysis of the CL images shown,
in Fig. 1.

Thus, this spatial distribution also suggests that the 890 nm
emission arises from a group of relatively small QDs situatedf the QD emission on the mesa top narrowslige 0.5 nA,
near the edges of the valley region along the lower surface dhe linewidth of each peak is noticeably broader than that
the stripe edges. observed for excitation of the valley region. The more dis-
crete nature of the QD luminescence in the valley edge re-
gion reflects a significantly reduced magnitude of the QD
density relative to the mesa top. The excitation and diffusion
The spectral line shape of the QD luminescence dependslume of the e-beam probe will enable a sampling~cf
sensitively on the excitation conditions. Strong band filling um? of the surface area, resulting in an excitation on the
effects have been observed in CL and PL studies of InA®rder of ~100 QDs in the mesa top regions. The signifi-
SAQDs grown on unpatterned Ga@81) substrated®'® cantly lower average density of QDs in the valley region
These studies have revealed a net blueshift in the QD emisvould enable the more discrete nature of the QDs to be ob-
sion caused by the filling of the ground states in the QDs anderved, particularly for the lowest beam currents, as shown in
subsequent excitonic transitions involving the higher lyingFig. 5. The number of discrete peaks observed in the valley
hole states® In the present study, the QDs were probed withedge region, together with an estimated lateral carrier diffu-
various beam currents from 0.1 to 10 nA by positioning thesion length of~0.5 um, suggests an average QD density on
electron beam on the center of the mesa top and in the centtite order of 1Qum™2 in the valley edge region, which is two
of the valley region, as shown in Figs. 4 and 5, respectivelyorders of magnitude lower than the QD density on the mesa
A polarization sensitive detection was employed, and emistop.
sion was detected witk| [110] or EL [110], as shown in An excitation-dependent polarization anisotropy is ob-
Figs. 4 and 5. For both QD emission on the mesa and in theerved in Figs. 4 and 5 for QD emission from the mesa top
valley edge regions, the CL spectra are observed to broademd valley edge regions, respectively. A striking feature of
and blueshift as the beam current is increased from 0.1 to 1the data is the reversal in the polarization anisotropy between
nA. The sharp and dispersed peaks observed in the CL spetiie mesa top and valley edge regions. The integrated polar-
tra acquired in the valley region for 0%1,<0.5 nA are ized CL intensity ratio for QD emissiom;;y;/1{110;, Versus
indicative of the discreté-like nature of the QD density of beam current is shown in the upper panel of Fig. 6. The
states, as previously observed in CL and PL studies of QDBwer panel of the figure shows the integrated CL intensities
grown on unpatterned substrafes? Although the line shape of the QD emission, WL emission, and GaAs substrate emis-

B. Excitation and polarization dependent CL
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in the interfacet cation migration rates, effective InAs cover-
FIG. 5. Linear polarized CL spectra pf the valley !’egion f_or variou_s electronage, the QD size and shape distribution, and the local QD
beam currents. CL was detected with the electric figldriented WithE]| density, all of which can influence the resulting strain fields
[110] (solid lineg or EL [110] (dashed lines o A

experienced by the QDs. The excitation dependence of

I{1101/ {2107, concomitant with the state filling effects ob-

) _ _ served in the QD CL line shape, suggest that the various
sions in both the valley and mesa top regions versus thgigher lying hole states, possessing varying admixtures of hh
beam current. The WL emission is observed to increase at gng |n characters, are filled and participate in the excitonic
faster rate than the QD emission in the valley regioma@s  |yminescence as the beam current is increased over the
increased from 1 to 10 nA. As state filling of the QDs occursg 1_10 nA range. The broadening of the CL line shape and
for highe_r beam currents, the rate of transfer of carriers fromypift in the center of gravity towards shorter wavelengths in
the WL is expected to be reduced and thus leads to a prgsoth regions(Figs. 4 and % are consistent with these state
portionally larger emission from the WU1p)/lj110) fOr  filling effects. Moreover, the polarization ratio is observed to
QDs on the mesa top is observed to monotonically increasgg wavelength dependent for QD emission in the valley edge
from ~1.1to 1.2 as the beam current is increased from 0.1 t?egion(Fig. 5 for 1,=2 nA. I {1/l (110 i Observed to be
10 nA. A nonmonotonic dependence in the polarization ratiQass than one for 889\ <920 nm and is greater than one for
versusly, is observed for the valley region agip)/lj1100  940<\<1000 nm in the valley region. We therefore con-
decreases from 0.93 to 0.811gss increased from 0.1 10 0.5 gjger the possibility that size and shape fluctuations of the
nA and then increases back to 0.931gss further increased s in the valley edge region will lead to variations in strain

to 10 nA. _ . _ and in the mixing of hh and Ih characters in the excited QD
Previously, linearly polarized cathodoluminescencegistes.

measurements have been employed to study the influence of
strain on the optical properties of strainébhP),/(GaP,
quantum wire€® The presence of a strain can effect the rela
tive admixtures of heavy-holéhh) and light-hole(lh) char-
acters in the valence-band wave functions, thereby inducing We have explored the temperature dependence of the
polarization effects in the excitonic luminesce&é Such QD emission in an intermediate temperati(fé range be-
measurements can be employed to help distinguish betweaween 87 and 200 K. Local CL spectra are shown for various
states possessing varying degrees of hh and Ih admixturegmperatures for the QD emission on the mesa top and in the
provided that the form of the strain tensor and geometry ofalley edge regions in Figs. 7 and 8, respectively. Certain
the nanostructure are well understood. For the present datluminescence features in the QD emission are actually ob-
the reversal in the polarization anisotropy between QD emisserved to sharpen slightly as the temperature is increased
sion in the valley edge and mesa top regions can be attritever the 106 T=<135 K and 106 T=<165 K ranges for the

_C. Temperature dependence of the QD emissions in
the mesa and valley edge regions
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and the center of the QD spectral emissiar=(930 nn) in
_ ) ) the valley region, thus providing strong evidence that ther-
valley edge and mesa top regions, respectively. The discrei@g) re-emission of carriers from the QDs to the WL occurs

peaks in the spectra can be traced from one spectra to af the 105< T<200 K temperature range. The Arrenhius be-
other as the temperature is increased over these ranges. The

added discreetness at higher temperatures may reflect the
thermal excitation of holes into closely spaced higher lying
states, thereby giving the spectral line shape more structure
for higher temperatures. The QD, WL, and GaAs band-edge
features are all observed to redshift as the temperature is
increased in accordance with the usual temperature depen-
dence of the band gap, as predicted by the Varshni rel&tion.
The integrated CL intensities of the QD, WL, and GaAs
bandedge luminescence are shown for various temperatures
in Fig. 9, the closed and open symbols representing the mesa
top and valley edge regions, respectively. The data are
shown in a log of CL intensity versuskI¥ plot. An Arren-
hius behavior for the CL intensities is observed, and a linear
fit to the data yields activation energies of 123 and 80 meV,
respectively, for the QD and WL emissions in the valley
edge region. The decrease in the QD emission with increas-
ing temperature is evidently due to the increase in thermal
re-emission of captured excitons. Electrons and holes in the
QDs can be re-emitted to the WL or GaAs barrier prior to
their radiative recombination in the QDs, provided that the
thermal energy permits a sufficiently large rate of re-

emission. The carriers can then recombine through other rdZG. 9. The integrated CL intensity of the QD, WL and GaAs near-band-
edge emissions vsHKT. Filled symbols and open symbols denote the mesa

diative and nonradiative channels in the WL or GaAs barrier

L . top and valley regions, respectively. Solid lines indicate the results of linear
The 123 meV activation energy is very close to the energys in 5 temperature range which exhibits an Arrenhius behavior. Activa-
tions energies were obtained from the slopes of the fits and are indicated.
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FIG. 10. Time delayed CL spectra for tt® mesa top an¢b) valley region.
The spectra are shown for various onsétiY and decay i) time win- onset window 01, which is centered at 1 ns after the rising

dows. All spectra are renormalized to have about the same maximum peaégdge of the excitation pulse relatively sharp and distinct fea-
height. tures are observed in the QD emission in the 880-980 nm
wavelength range. These features gradually broaden and lose

havior of the WL emission is also an indication that carriersStructure as the windows progress fr@2 to 04 (Fig. 10.
will be thermally re-emitted into the GaAs matrix. Again, the This broadening is evidently due to time-dependent state fill-
energy difference of the GaAs band-edge<(823 nm and ing effects that occur during the carrier relaxation and col-
WL emissions, which is-78 meV, confirms this behavior. ection into QDs. The system eventually procgeds towards
The activation energy for re-emission from the QDs onthe steady state, as reflected by the spectra labelpdise
the mesa top is 114 meV and is very close to that obtainedn€® WL emission, in spectra for the valley region, show a
for QD emission in the valley edge region. The value of thisStrong emission throughout all onset windows in Fig. 10,
activation energy is strong evidence for the existence of d1dicating a rapid carrier collection by the WL.
WL on the mesa top, in spite of its lack of optical activity ~ DPuring the decay, a rapid redshift and narrowing is seen
(i.e., absence of luminescenc&he energy difference be- 0 Occur, indicating that carriers are relaxing rapidly to lower
tween the center of the QD spectral emission on the mesa tdf/'erdy states. The WL emission is observed to rapidly de-
(A~950 nm at 87 K and the GaAs band-edge emission ( Cr€ase, consistent with the expected carrier transfer to the
~823 nm is ~200 meV, which is nearly double the mea- QDs in the valley region. The spectrally integrated CL inten-
sured activation energy. Thus, the energetics appear to suplly Versus time is shown in Fig. 11 with a semilogarithmic
port the existence of a WL. We can only suggest that thé?!Ot, from which onset rates and decay times can be ex-
high density of QDs on the mesa top and fast relaxation fronfracteéd. The onset rateis defined as =A In(l;)/At and is
the WL to the QDs or existence of nonradiative recombinadiven by the slope of the tangent to the onset curves in Fig.

tion may suppress radiative recombination of carriers in thé-1- Likewise, an exponential behavior is assumed during the
WL on the mesa top. decay, and decay times are obtained from the slopes of

fitted lines as shown in Fig. 11. Onset rates of 2.9, 1.6 and
1.5 ns' were obtained for QDs on the mesa, QDs in the
valley, and the WL in the valley, respectively. Decay times
The carrier relaxation kinetics have been studied withof 1.3, 0.92 and 0.44 ns, respectively, were also obtained, for
time-resolved CL measurements. A series of CL transientthese emissions. The larger onset rate for QDs on the mesa
were taken with the wavelength ranging from 880 to 980 nnrelative to that for QDs in the valley may be due to the
at a temperature of 87 K. Time delayed spectra of the mesa 100-fold increase in the average QD density on the mesa
top and valley emissions were reconstructed from the Clrelative to the valley region. This leads to a shorter average
transients, as shown in Fig. 10. The spectrum labéted diffusion time of carriers before capture into the QDs when
pulse was acquired with the time window centered in theexcited in close proximity to the mesa top. The difference in
middle of the 50 ns excitation pulse, thereby obtaining specdecay time between QDs on the mesa and in the valley may
tra similar to the constant excitation CL measurementsbe related to differences in the electron and hole wave func-
Spectra are shown for various time windows during the onsetion overlaps between QDs in the valley and mesa regions.
and decay phases, denotedQisandDi. During the earliest The reversal in the polarization anisotropy between QDs in

D. Time-resolved CL measurements
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the valley and mesa region, as discussed in Sec. Il B, alseearch, and the National Science FoundatiBhA-ECS).
provides evidence for attendant differences in the valencefhe authors wish to thank Dr. R. Heitz for fruitful discus-
band wave functions, which ought to influence the magnisions.

tude of the oscillator strengths and electron—hole radiative

lifetimes.
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