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We have studied the early stages of GalnP overgrowth on InP quantun{@Idts) experimentally and
theoretically. A direct correlation between the surface morphology and the optical properties of individual InP
QD’s is made using scanning tunneling microsc@fffM) and scanning tunneling luminescence. The geo-
metric structure of the islands is further investigated using cross-sectional transmission electron microscopy
(TEM). The overgrowth occurs in three stages; initially the InP QD’s act as seeding points for the overgrowth,
where the GalnP grows laterally from the side facets of the QD. The growth occurs preferentially ii@he
direction and elongated GalnP/InP islands are formed. As the overgrowth continues the islands increase later-
ally in size and GalnP also starts to grow between the islands, but not covering the top of the InP QD’s. The
growth of GalnP on top of the QD’s commences once the islands have begun to coalesce. Using a model based
on the STM and TEM results the electronic structures of the QD’s have been calculated by eighkt-pand
theory. The calculations are in good agreement with the experimental results. Our findings unravel the details
of the strain induced energy shift of the QD luminescence previously repd?isml et al, Appl. Phys. Lett.
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I. INTRODUCTION ing luminescencé€STL) to make a direct correlation between
the morphology of the surface and the optical properties of
Self-assembled semiconductor quantum d@®’s) have  semiconductor nanostructur€s® For instance, we have

been the subject of extensive studies in the last detatle.  shown that fully developed InP QD's act as templates in the
interest stems from both science and technology, which havidrmation of GalnP domains with a higher degree of ordering
involved QD’s in studies of the fundamental properties ashan that of the GalnP buffé
well as for bU|Id|ng blocks in optoelectronic devnfe%The In the present Study we have used STM, STL, and trans-
local environment of a QD has a considerable impact on theyission electron microscop§TEM) to follow the evolution
electronic structure both in terms of strain and confinementof the surface morphology and the optical properties of
Consequently, the effects of a thin capping layer have beegingje Inp QD's as a function of GalnP overgrowth thick-
mvestlgateg_?for a varlety_lgf QD systems, S“Chz 3Sness. We find that GalnP initially only grows laterally from
In.AS/G%éi“ InGaAs/Ga/l-j\fy,ls InSbllnP} CdSe/ZnSéé the side facets of the QD’s and GalnP islands are formed,
ﬁ;c\;/g/ rSeIé:entI?/nsdhcl)r\]NFr;/Ct;r?eI\? G aAgcg)]rrc;\?v?:]agrﬁetb;Ooﬁg:ga; n ASe>_<tending in théllpj direction. The lateral .grow'Fh continues
QD's formed at low growth rates is hampered, which leads t with further deposition, although competing with the layer-

a reduction of the In segregation and In-Ga intermixing dur(_)oy-layer growth of GaInP in between the islands. Once the

ing the GaAs overgrowth For the same material system, islands begin to merge the GalnP starts to grow on top of the

Wanget al found that the use of InGaAs as a capping ma-QD’S: which is found to be the onset for an enhanced blue-
terial reduced the surface strain, leading to a redshift of th&nift of the QD emission with further increase of the capping
photoluminescencéPL) emission with increasing In content. layer thickness. The electronic structure has been calculated

In an early study of InP/GalnP QD’s by Pistf al.'® it was with eight-bandk - p theory, in which a realistic model of the
shown that the GalnP cap layer thickness has a strong inflivergrowth was used, based on the structural information
ence on the optical properties of the QD’s. Intriguingly, thefrom the STM and TEM data. The calculations are in good
blueshift of the PL emission increased slowly for low capagreement with the experiments and reveal that electron
thicknesses and at GalnP thickness of about 20 nm the blustates, rather than hole states, are responsible for the ob-
shift exhibited a steep increase with further growth of theserved evolution of the QD emission. Furthermore, we con-
capping layer. clusively show that the change in rate of the blueshift is

We have recently demonstrated the feasibility of usingdirectly correlated to the onset of growth of GalnP on top of
scanning tunneling microsco@$TM) and scanning tunnel- the InP QD'’s.
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Il. EXPERIMENTAL DETAILS

A. Sample preparation

The samples were grown by metal-organic vapor-phas
epitaxy(MOVPE) using a low-pressur€l00 mbay rf-heated
reactor. Trimethylgallium(TMG), trimethylindium (TMI),
PHs;, AsHs, and SjHg precursors were used with,Hs the
carrier gas. Initially, a 250-nm-thick Gajlng 4P (which we
in the following refer to as GalnHayer was grown, lattice
matched to th€001)GaAs substrate, followed by two mono-
layers(ML) of GaP to increase the size homogeneity of the
QD’s?° The QD’s were then grown in the Stranski-
Krastanow mode by deposition of 3 Ml0.5 ML/s) InP at
580 °C. This was followed by a 12-s anneal, after which the
samples were overgrown with nominally 5, 10, 20, or 30 nm
of GalnP(0.33 nm/$ and subsequently cooled to room tem- f
perature. The GalnP was highlyn doped (Si, n
=10 cm~3). Using the growth conditions above, uncapped
samples show fully developed, slightly truncated, QD’s hav-
ing heights between 12 and 15 nm and base widths of 40—50

nm and 55-65 nm in thgl 10] and[110] directions, respec-
tively. The density of QD’s was measured on uncapped
samples to be about 1@m~2 by atomic force microscopy FIG. 1 STM_ constant-current topographs of InP QD’s over-
(AFM) and STM. It has previously been shown that the9™OWn With nominally(a) 5 nm, (b) 10 nm, () 20 nm, and(d) 30
shape of the dots is not affected by the overgrottthurther nm of GalnP. The Images aredil um- in size and were acquired
details of the growth can be found elsewh@He? using a tunneling current of 100 pA and a sample bias-6fV.

In order to ensure stable tunneling conditions in the STM . . _
and STL measurements, the samples were sulfur passivat&¢€S represent the mean positions during STL acquisition.
by immersion into a 2% ammonium sulfide solution kept at'1® TEM examinations were performed using a JEOL

55°C for 30 min. The samples were then outgassed sJO00EX microscope with a point-to-point resolution of 0.16

120°C for 12 h in the load-lock chamber before transfer into™™> OPerated at an acceleration voltage of 400 keV.

the ultrahigh-vacuuntUHV) chamber of the STM.

The[110] and[110] cross-section samples for the TEM [ll. RESULTS AND DISCUSSION
investigations were prepared by cleaving, mechanical grind-
ing, and polishing, followed by At-ion milling until elec-
tron transparency was reached. Figure 1 shows STM constant current topographs of InP
QD samples overgrown with nominally 5, 10, 20, and 30 nm
of GalnP. In the case of a 5-nm cégee Fig. 1a)], bright
dome-shaped features are clearly visible, corresponding to

The STM and STL measurements were carried out using slands of partially overgrown InP dots. These GalnP/InP is-
variable-temperature UHV-STM, in which the samples canlands are rather uniform in size, having apparent heights of
be cooled to 20 K. The STM tips were prepared from tung-12—15 nm and apparent widths of 100-130 nm and 190-220
sten wires by electrochemical etchinga 2 mol/dni KOH nm in the[110] and[110] directions, respectively. The large
solution. Prior to the experiments, the tips were cleaimed lateral size of the islands, as compared to uncapped QD’s,
situ by Ar'-ion sputtering and radiative heating using aindicates that the InP QD’s act as seeding points for the
tungsten filament. The system is equipped with an opticaGalnP capping layer and almost all of the material supplied
detection system and a laser source, which allows for STlduring the overgrowth is incorporated into the islands. Fur-
and PL to be performed without changing the samplethermore, the height of the islands is approximately the same
position!® The PL was obtained using a frequency-doubledas for uncapped dots, which suggests that during the initial
Nd:yttrium aluminum garnefYAG) laser emitting at 532 stages of the overgrowth, GalnP preferentially grows later-
nm. The luminescence signal was collected by a (88smm  ally from the side facets of the InP QD(Ref. 19 and not on
in diametey, situated 100 mm from the tip-sample region, top of the QD’s. The surface morphology has a similar ap-
and focused onto the entrance slit of a 0.27-m monochropearance when the cap layer thickness is increased to 10 nm,
mator. The dispersed emission was then detected using athough we observe an increase in the island sizes as well as
liquid-nitrogen-cooled Si charge-coupled deviGCD) cam-  a larger size distribution; cf. Fig.(tt). The islands have typi-
era. A note about the STL measurements: STM images wereal heights of 9—11 nm and widths of 140—160 nm and 250—
acquired before and after acquisition of the STL spectra t800 nm in the[ 110] and[110] directions, respectively, but
ensure that no changes of the surface had occurred as well &fands as large as 350 nm were occasionally observed. The
to determine any drift. The tip positions indicated in the fig-increase in island size implies that a significant part of the

A. Morphology and structure

B. Measurements
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GalnP grows at the islands; however, the slight decrease in A B
island height indicates that epitaxial growth of GalInP inbe- =~ =====-=-- *‘ +
tween the QD’s also occurs. (8) i

Increasing the cap layer thickness to 20 nm substantially
alters the appearance of the surface. At this point islands|
have begun to mergesee Fig. 1c)], although flat areas in
between the islands are still observable where the QD
nearest-neighbor distances are sufficiently large. The islands (b)
have typical heights of 8—11 nm and widths of 150—-250 nm
and 350—425 nm in thel10] and[110] directions, respec-
tively. The increase in lateral dimensions of the islands does
not fully account for the supplied amount of material, and
since the height of the islands is about the same as for the
10-nm cap layer, GalnP has most probably begun to growon (¢) ...
top of the InP QD’s. Occasionally, large islands with heights B
of 20—27 nm and widths of about 300 nm and 400 nm, in the
[110] and[110] directions, respectively, were observed. In
Fig. 1(d), QD’s capped with nominally 30 nm of GalnP are
shown. The surface morphology is complex; the GalnP/InP _(d)
islands have coalesced and flat areas are rarely observed. Tr ‘
lateral sizes of the islands are smaller than in the case of &
20-nm cap layer because of the merge and their apparen® =
dimensions are determined by the merger boundaries. The
morphology observed is a manifestation of the growth of
GalnP domains rather than of individual islands with an InP
QD in the center. Hence, what appears to be an island in the FiG. 2. Cross-sectional TEM micrographs of InP QD’s over-
STM topographs does not necessarily correspond to a singlffown with nominally(a), (b) 5 nm and(c), (d) 10 nm of GalnP.
overgrown QD. In addition, larger-scale features are ofterenlarged views of the areas indicated by a dashed rectang#® in
seen with typical dimensions of 450—-600 fimdicated in  and (c) are shown in(b) and (d), respectively. ArrowsA and B
Fig. 1(d) with black arrowg, which are 20—-35 nm higher indicate regions in the GalnP/InP island with differing heights,
than the neighboring islands. The occurrence of these largevhich are discussed in the text.
islands will be further discussed below.

We have also used cross-sectional TEM to determine tha@bout 8 nm. The presence of QD’s in the islands is seen as
structure of the overgrown material. The TEM data corrobo-darker gray areas in the micrograph due to the strain fields in
rate the STM experiments and provide further information,and around the QD’s. The sample is not cut through the
which strengthens the interpretation of how overgrowth occenter of the island to the left and thus the strain fields are
curs. Figure 2a) shows a TEM micrograph of an InP QD not as pronounced as in the island to the right, for which the
after overgrowth of nominally 5 nm of GalnP. There is an QD is indicated by a black arrow. FiguregbBand 3c) show
evident interfacéindicated by a white arropas an effect of INP QD’s capped with nominally 30 nm of GalnP, from
differences in thickness, i.e., electron transparency, betweethich it is clear that the GalnP island shape does not neces-
the GalnP/InP island and the bulk GalnP. The island is 25@arily reflect the positions of the InP QD’s. Two common
nm wide with a QD in the center, visible as a dark area dudypes of larger GaInP islands are observed, either with a QD
to the strain fields inside and in the proximity of the Qg2e in the center or with two QD's closer to the edge of the
Fig. 2(b)]. Furthermore, the TEM image in Fig() reveals island [see Figs. &) and 3c), respectively. In the latter
that there is a small height modulation in the GalnP islandcase, the distance between the neighboring InP QD’s is suf-
the GalnP in the vicinity of the QDarrowA) is about 2 nm ficiently small that the GalnP islands merge during an early
lower than the QD, but approximately 20 nm away from thestage of the overgrowth, after which the GalnP appears to
QD, the GalnP is instead 2—3 nm higher than the @Bow  grow preferentially in between the QD’s. Notably, domains
B). This height modulation of the islands is still present©f ordered GalnP are formed during the overgrowth, having
when the nominal cap layer thickness is increased to 10 nrma double periodicity in thg111] and[111] directions?® The
which is shown in the TEM micrograph of Fig(@. How-  QD-induced ordering for this particular material system has
ever, the size of the island is larger and, as suggested by owgcently been discussed in detail in Refs. 16 and 23.

STM data, the TEM data show that even for a 10-nm-thick There is a rather complex interplay between the QD-QD
cap layer the top of the InP QD is not covered by Gdlo?  distance and the growth of GalnP. The lateral width of a
Fig. 2(d)]. GalnP island does not provide any information whether it

Figure 3a) shows a TEM micrograph of two GalnP/InP contains one or several QD’s. However, there are some sig-
islands that have coalesced at a nominal GalnP capping layeificant differences between the single-Q3QD) and
thickness of 20 nm. At this coverage, GalnP has begun tdouble-QD (DQD) islands. The SQD islands are higher,
grow on top of the QD’s, reaching a typical thickness ofabout 35 nm above the surface, as compared to the DQD
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FIG. 4. In situ PL of InP QD’s overgrown with nominally 5 nm,
10 nm, 20 nm, and 30 nm of GalnP. The measurements were per-
formed at a sample temperature of 20 K.

the islands at a nominal cap layer of 10 nm. In addition, there

is no GalnP on top of the QD at this nominal cap thickness,

which the STM data suggested but could not conclusively
FIG. 3. Cross-sectional TEM micrographs of InP QD's over- Show. The reluctance of GalnP to grow on top of the InP QD

grown with nominally(a) 20 nm and(b), (c) 30 nm of GalnP(d) IS not surprising considering the lattice mismatch between

An enlarged view of the area indicated by the dashed rectangle ithe (001 surfaces of InP and GalnP.

(©).

islands, which typically have a height of about 22 nm. The B. Optical properties

SQD islands are also steeper in {HeL0] direction, with an In Fig. 4 in situ PL spectra of the samples having differ-
inclination of about 10° to thé001) plane as compared to 6° ent cap layer thicknesses are shown. For nominal GalnP
for DQD islands. In Fig. &) a detailed view of the area thicknesses ranging from 5 nm to 20 nm the spectra have a
indicated by a black rectangle in FigicBis shown, in which  very similar appearance with a strong emission peak at 1.94
an InP QD can be seen. We stress that the shape of the Ie® from the GalnP matrix and a broad emission peak around
QD is retained during overgrowth as reported previo@sly. 1.5 eV. The latter peak is attributed to the superpositioned
In addition, we do not see any evidence of an InP wettingemission from the GaAs substrate and from a large ensemble
layer, which is not surprising considering the possibility of of QD’s. At a nominal thickness of 30 nm the emission from
intermixing between the GaP layer grown prior to the QD’sthe QD's has shifted towards higher energies, giving rise to
and an InP wetting layer. an additional peak at 1.6 eV, as an effect of the strain induced
A summary of the TEM measurements is given in Table 1.by the cap layet® The QD emission is well defined, imply-
The island sizes found by TEM are comparable to the STMng that the QD ensemble has a fairly homogeneous distri-
measurements of the different capping layer thicknesses irbution in size and shape. Since the surface density of the
vestigated. Intriguingly, the TEM finds evidence that thereQD’s is too high to allow for PL of single QD’s using a
has already been a considerable growth of GalnP in betweesonventionalu-PL setup and the emissions from the QD’s

TABLE |. Summary of the TEM measurements.

Nominal Cap Island dimensioniam) GalnP thicknes$nm)

(nm) height lengthig lengthi1q) above QD islands
5 13-14 149 251 0 0
10 13-14 181 307 0 5-6
20 20 240 541 8-9 10-12
30 30-49 418 - 19-38 20-23
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2 FIG. 5. (a) Scanning tunneling luminescence
<) spectra from individual QD’s antb)—(e) the cor-
z S responding constant current topographs. The
§ 3 J \ 20 nm| measurements were made at a sample tempera-
E ture of 20 K, using a sample bias ef6 V. The
3 ’ tunneling current was 100 pA during imaging and
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2 S the STL measurements.
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and the GaAs substrate coincide for the lower nominal capnaximum(FWHM) of 15 meV. There is a small blueshift in
thicknesses, we have utilized the STM tip as a local excitaemission energy as compared to the lower nominal cap thick-
tion source. nesses and the overall shape of the emission has changed
In all the measurements presented below the sample wafastically, where the second emission peak has almost twice
negatively biased relative to the tip. Under these conditionshe intensity compared to the other peaks. Based on our STM
the Fermi level of the tip is below the valence band edge ofnd TEM data we estimate that there are 6—8(Ref. 31
the sample, from which electrons are extracted, equivalent tgf gainP on top of the QD. The line shape of the QD emis-
injecting holes. The injected minority charge carriers recomxion js similar when the nominal GalnP cap thickness is in-
bine in the sample and photons are e.m|ﬁ‘éd. creased to 30 nm. However, the QD emission has shifted
Figure Sa) shows the evolution of single dot STL spectra g ificantly towards higher energies. The GalnP overlayer
as the nominal capping layer thickness is increased from n the QD in Fig. §e) is estimated to be 10—12 nm thick. In

nm to 30 nm. It should be noted that the STL spectra in Fig
5 constitute an excerpt from a large number of measuremen%?& :r']l' dL ;pcelzglrmssﬁéjmsre ;egkﬁigﬁgr'sgn:éylfi %\[/),Slef/ze d

on 60 different single QD’s. However, the spectra represen o . .
gle Q b P yrpnsmgly, even though STL provides a very local excita-

the most commonly observed emission shapes and energi = .
for the different cap layer thicknesses. The GalnP/InP iston of the sample, emission from the GaAs substrate is ob-
lands, from which the spectra were obtained, are shown ig€rved. However, since the GaAs emission approximately
the STM topographs of Figs(—5(e). The tip positions are scales with _the luminescence intensity of _thg QD’s and since
indicated by white arrows. Notably, if the tip were positionedthe GalnP is transparent for the QD emission, we attribute
in between QD’s at a distance of approximately 200 nm fronthe signal from the GaAs to arise from photoexcitation by
the nearest QD, no or only a very weak luminescence signghe QD emissiort?
from QD’s could be detecte@hor any luminescence fromthe ~ The spectra in Fig. 5 have been fitted using Lorenzian line
GaAs substrajeas has been shown in our earlier studie$,  profiles, in which a fixed FWHM for the peaks in each spec-
At a nominal GalnP coverage of 5 nm a characteristic QDirum were used. With this constraint a good fit was obtained
emission having an energy of about 1.46 eV is observed, ifor all nominal cap thicknesses except for the 30-nm capping
agreement with earlier PL resufdThe QD emission is dis- layer. In this case, a good fit could not be achieved unless the
tributed over almost 150 meV and has two prominent peak&WHM were allowed to vary between the individual peaks.
at 1.46 eV and 1.48 eV with almost equal intensity and arhis suggests that there are more components than the four
long emission tail extending towards lower energies; seeonsidered; however, these could not be unambiguously de-
spectrumS; in Fig. 5@). There is also an evident asymmetry termined. The results are summarized in Table Il and will be
towards higher energies. In peak fitting of the spectrum, usfurther discussed below.
ing Lorenzian line shapes of fixed width, a best fit requires As discussed in Sec. Ill A, we encountered significant
an additional third emission peak at 1.50 eV. When the nomivariations in the overlayer thickness for the samples with
nal cap layer thickness is increased to 10 nm a similar lindarger nominal capping and, in particular, for the 30-nm case.
shape is observe@ee spectrurs,), in which two emission An example of how these variations affect the optical prop-
peaks are clearly resolved at an energy of 1.44 eV and 1.4@rties of the QD’s is shown in Fig.(&. The STL spectra
eV, respectively. were acquired with the STM tip at the positions indicated by
However, at a nominal cap thickness of 20 nm the specthe arrows in Figs. ®) and €c), at a sample temperature of
trum S; is substantially different as compared to lower nomi-80 K. SpectrumP; is acquired with the STM tip positioned
nal cap thicknesses. Three well-defined and pronouncedn top of a GalnP island of similar height compared to neigh-
emission peaks at 1.46 eV, 1.48 eV, and 1.51 eV are obboring islands. The island, from whicR, is obtained, is
served, for which a Lorenzian fit gives a full width at half about 32 nm higher than neighboring QD’s and its sides are
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TABLE Il. Summary of Lorenzian peak fitting of the scanning each spectrei; andE, in Table Il, it is clear that the peaks
tunneling luminescence spectra in Fig. 5. become more narrow for the buried QD’s. We note that Hess

- et al?® made similar observations for QD structures in quan-
Nominalcap E; E, E; E; FWHM A(E;—E;))  tum wells, where a broadening was seen for QD’s closer to

(nm) eVv) (ev) (ev) (ev) (meV)  (meV) the surface. Furthermore, we can compare our data with re-

5 1456 1484 1502 — 29 o8 cent u-PL measurements ofzgr;glwdual QD’s in the same
material system. Hessma al.=>“" have studied fully devel-

10 1.442 1.470 1.490 - 25 28 ; . , .
oped, fully strained, single InP QD’s, where an emission

20 1462 1.481 1506 - 15 20 range of about 50 meV was reported. The broad emission

30 1.571 1592 1.617 1.635 9-27 20 9 b i

was attributed to the presence of a large number of occupied
3A best fit was obtained using FWHM values of 13, 9, 20, and 27€l€ctron states in the InP.d%Ytdue to the surrounding-type
meV for peaksE,, E,, Es, andE,, respectively. GalnP. In comparison with our res_ults, using _the spectrum
obtained for the 30-nm cagés, in Fig. 5a)], it is evident
o ) — . that the spectra have a very similar shape although the STL
inclined by 12° to the surface in tHel10] direction, Sug-  gmjssion is broader and shifted due to the difference in cap-
gesting that this is an SQD island. There is a 52-meV shift ofing |ayer thicknesses. Even though our samples have higher
the emission p_eak towards hlgher energies for the spt_'-:ctrﬁ_type doping, an argument based on the electron occupancy
from the SQD island due the difference in GalnP cap thick-f the QD’s does not explain the peak widths observed here.
ness, i.e., strain excessed by the overgrowth. ~ Thigissue needs be investigated further and here we can only
A few general observations concerning the emission in thespeculate that charge fluctuations in the InP QD due to the

STL measurements can be made. All spectra have a fai”%resence of the STM tip or the nature of the excitation may
wide emission, which in the case of the QD’s at the surfacep|ay an important rol&®

(i.e., for a nominal cap thickness of 5 and 10 )nane dis-
tributed over almost 150 meV. For higher nominal cap thick-
nesses the emission is somewhat narrower but still in the C. Theory
order of 100 meV. Additionally, the low-energy tail present  |n addition to our experimental work, we have investi-
in the spectra from the surface QD’s diminishes as the nomigated the effects of capping layer thickness on the transition
nal cap thickness is increased. Although the low-energynergies of InP QD’s in GalnP using eight-bakd theory
emission tail seems related to the surface or the reduceg the envelope function approximation. Single-particle ener-
tip-QD distance, its origin is presently not known. If we gies were calculated by first finding the strain profile using
compare the FWHM of the two lowest-energy peaks fromthe finite-element method, followed by a diagonalization of
the Hamiltonian using the Lanczos’ algorithm. Details of the
method can be found elsewhéere®

Investigations by TEM and STMsee Sec. Il A show
that the overgrowth can be divided into three distinct modes
according to the amount of capping material deposited. In
the first mode, the overgrowth extends laterally, but does not
cover the top of the QD. We have modeled this growth mode
by an ellipsoid of capping material, with height equal to that
of the QD[cf. Figs. 1a) and 7b)]. The ratio of the lateral
dimensions of the ellipsoid was kept fixed to the experimen-

tally measured size, 116 nm and 212 nm in [id0] and
[110], respectively, at an overgrowth corresponding to a
nominal cap layer thickness of 5 nm. In the second growth
mode, the overgrowth still extends laterally but material also
accumulates layer by layer between the QD’s. We treat this
mode on an equal footing with the first growth mode, since
the material that grows between the GalnP/InP islands does
250 nm not effect the strain experienced by the QD’'s. The third
A —— growth mode is characterized by vertical growWtee Fig.
145 1.50 1.55 1.60 1.65 1.70 7(c)], with no further growth in the lateral direction beyond
Energy (eV) that obtained during the first two growth modes. We modeled
. . this by increasing the height of the ellipsoid while keepin
_FIG. 6. STL and STM of GalnP/InP islands for a nominal cap- the Ia%/eral dimengions fixegd. In the calcuﬁations we havepusged
ping layer thickness of 30 nnfa) Scanning tunneling luminescence . . .
spectra from the GalnP/InP islands indicatedbhand(c), respec- aQD witha hf'ght of 14 nm and a base width of 44 nm and
tively. The measurements were performed at a sample temperatu@ NmM in the{ 110] and[110] directions, respectively. In the
of 80 K, using a sample bias 6f6 V. The tunneling current was discussion that follows we will refer to the first and second
100 pA during imaging and 20 nA during acquisition of STL spec- modes as the lateral growth mo@ and the third mode as
tra. the vertical growth mod&,, .

(a)

Intensity (arb. units)

x10
P,
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I I 1 1 1 J Jp———
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g = = PL (from Pistol et. al)
8 143 F + STLai20K ]
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m— Theory
140 -
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Nominal cap thickness (nm)

FIG. 9. Theroretical and experimental ground-state emissions as
a function of capping layer thickness. The PL data is reproduced
from Pistolet al. (Ref. 15.

FIG. 7. Schematic drawings of the QD and cap geometries used .
in the calculations(a) Projection on the001) plane.(b), (c) Pro- We also calculated the electronic states for the capped
jection on the (1.0) plane showing the lateral growth mode and theQDS' F'rSt.We comp'uted ground-.statfa electron and hole
vertical growth mode, respectively. The dashed lines indicate thétates kegplng the height Of, the ellipsoid anStan_t and equal
change in capping geometries for the growth modes. to .the .helght of t.he QD while the lateral dimension of the

ellipsoid was variedmodeG,). Second, we calculated the

Figure 8 shows band diagrams along f081] direction elgc’tron gnd hole ground_states as a fun_ction _of the ellip-
computed using the local values of the strain &=e0 for a 30|ds helght(_m_ode Gv) W'th the lateral d|m_e_n5|ons held
QD with a nominal capping layer thickness of 5 nm, i.e., nof|xed at a sufficiently large size that the .tran.S|t|on energy had
capping material on top, and with 5 nm of capping materialconverged for the modGL_ structure. This size cprre_sponds
covering the QD(which corresponds to a nominal thickness {0 224 nm and 418 nm in thel10] and[110] directions,
of 23 nm; see beloy The main difference between the two espectively. In the first case we parametrized the size of the
cases is the confining potential for the holes. With no cap€llipsoid by an equivalent planar capping layer thickness. By
ping material on top there is a shallow potential minimumassuming each QD has access to an &éam which the
(valence band maximuraround the base of the dot, while deposited capping material of thicknesss collected, we
capping material causes a relatively deep potential well lohave
cated above the QD in the GalnP cap. This minimum is
induced by the heavily strained layers of capping material on At=Veliipsoid— Vdot: (1)
the top surface of the QD. The potential profile experiencec@,\,h(_}reveIIipsoid is the volume of the ellipsoid andy,, is the
by the electrons is not significantly altered by the presence ofolume of the QD. The parametérwas fitted to STM data
capping material. for a GalnP/InP island at a nominal capping layer thickness
of 5 nm, givingA~160x 160 nnf.

3t ) 3F ) I For the vertical growth mode we had to choose a lateral
GalnP  InP l‘]’;; J/ \ :ua:n size for the ellipsoid beyond which the capping material ac-
2\\\ 2.__\3 cumulated on top of the QD rather than on the sides. The

point at which growth crossed over from moGg to mode

Gy was fitted to experiment, i.e., a nominal capping layer
thickness of 18 nm as determined by TEM and STd¢e
% Sec. lll A), and for each extra nanometer of capping material
deposited we assumed the height of the ellipsoid grew by the
same amount. Figure 9 shows the calculated transition ener-

—_
—_

Energy (eV)

=]

Energy (eV)
=)

—

Nominal capping Nominal capping

)
—_
—_

R 5 nm R 23 om gies as a function of capping layer thickness, the PL data of
T T By T T Rgf. 15, and the energies qf the first em|SS|on.peak as deter-
Distance (nm) Distance (nm) mined by STL from 60 different GalnP/InP islands. The

shaded region in Fig. 9 indicates the transition energy differ-
FIG. 8. Band diagrams through the center of a QD in[@l]  ence between mod€_ and the equivalent calculation but
direction with (a) a nominal capping layer thickness of 5 nm, i.e., with 1 nm of GalnP on top of the InP QD. The calculation is
no capping material on top, arid) capped with 5 nm GalnP on top. in good agreement with experiments and demonstrates that
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— 1 T ] note that the energy difference between the ground and first
excited electron states decreases from 34 meV to 15 meV as
the nominal cap thickness is increased from 5 nm to 30 nm.

Comparing with the measured peak separatid(E,—E,)

of 28 meV and 20 me\(cf. Table Il), we find good agree-

ment between theory and experiment.

" T
1.7 —(a)
lateral growth

1.6 |- —

vertical growth IV. SUMMARY AND CONCLUSION

Conduction band energy (eV)

T

The evolution of the surface morphology during GalnP

= % overgrowth of InP QD’s has been studied by STM and TEM.

ié/ In addition, the optical properties were studied by STL,

B 80 which in combination with STM provides a direct correlation

3 to the overgrowth morphology. The growth of GalnP on InP

< 70 QD’s can be divided into three distinct stages. During the

§ initial stage GalnP grows solely laterally from the side facets

g 60 / —— | . - of the QD’s, forming islands elongated in tHELQ] direction.

2 ~— vertical growth The second stage is characterized by the epitaxial growth of

PN N P o | T N e GalnP in between the islands in addition to the lateral growth
0 4 3 12 18 2 26 30 of the GalnP/InP islands. In the third stage GalnP grows on

top of the InP QD's. The transition between latesthges 1
and 2 and vertical(stage 3 growth is found to be the onset
gor the enhancement of the blueshift of the InP QD emission
and four highest hole states as a function of GalnP cappg. and. is‘. further characterized by the. narrowing of individuql
Conduction andb) valence band energies during the lateral growth.emISSIOn pegks as well as a reduction of the pe.ak S(_aparatlon.
(c) Conduction and(d) valence band energies as a function of | N€ electronic structure has been calculated using eight-band
GalnP growth on top of the QD, i.e., vertical growth. k-p theory, in which a realistic model for the overgrowth
was used, based on experimental data. The calculations are
the strain-induced energy shift is highly dependent on thén good agreement with the STL measurements and show
growth mode. In particu|ar, the calculations Conc|u3i\/e|ythat the electron states are responsible for the magnitude of
show that the onset of enhanced blueshift of the QD emisthe strain-dependent energy shift, induced by the overgrowth.
sion is direct|y correlated to the beginning of GalnP growthwe CO”C'USively show that the Chaﬂge in rate of the blueshift
on top of the QD. is directly correlated to the onset of growth on top of the InP
Figure 10 shows electron and hole energies for the twé&D’s.
growth modes. The calculations of the eigenvalues as a func-
tion of capping layer thickness show that the ground-state
electron and hole energies increase 50 meV and 7 meV, re-
spectively, when the nominal capping layer increases from 0 We gratefully acknowledge Claes Thelander for AFM
nm to 12 nmmodeG, ; cf. Figs. 1@a) and 1@b)]. When the measurements. Dr. Struan Gray is gratefully acknowledged
nominal capping of the QD’s increases from 18 nm to 30 nnor fruitful discussions and for comments on the manuscript.
[modeG,/, Figs. 1Qc) and 1Qd)] the ground-state electron In addition, we acknowledge the financial support by the
and hole energies increase 170 meV and 22 meV, respeS&wedish Foundation for Strategic Resear(®SH, The
tively, giving an increase in transition energy of 148 meV. Swedish Research CoundWR), The Wallenberg Founda-
Hence, we can conclude that the major contribution to théion, and the ELFA Research Foundation. This work
increase in transition energy with increasing capping layewas performed within the Nanometer Consortium, Lund
thickness is the increase in electron energy. In addition, wé&niversity.

Nominal capping layer thickness (nm)

FIG. 10. Calculated energies of the four lowest electron state
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