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Correlation between overgrowth morphology and optical properties of single self-assembled InP
quantum dots
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We have studied the early stages of GaInP overgrowth on InP quantum dots~QD’s! experimentally and
theoretically. A direct correlation between the surface morphology and the optical properties of individual InP
QD’s is made using scanning tunneling microscopy~STM! 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 GaInP grows laterally from the side facets of the QD. The growth occurs preferentially in the@110#
direction and elongated GaInP/InP islands are formed. As the overgrowth continues the islands increase later-
ally in size and GaInP also starts to grow between the islands, but not covering the top of the InP QD’s. The
growth of GaInP 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 eight-bandk•p
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 reported@Pistol et al., Appl. Phys. Lett.
67, 1438~1995!#.

DOI: 10.1103/PhysRevB.68.125303 PACS number~s!: 78.67.Hc, 78.60.2b, 68.37.Ef, 81.07.Ta
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I. INTRODUCTION

Self-assembled semiconductor quantum dots~QD’s! have
been the subject of extensive studies in the last decade.1 The
interest stems from both science and technology, which h
involved QD’s in studies of the fundamental properties
well as for building blocks in optoelectronic devices.2,3 The
local environment of a QD has a considerable impact on
electronic structure both in terms of strain and confineme
Consequently, the effects of a thin capping layer have b
investigated for a variety of QD systems, such
InAs/GaAs,4–7 InGaAs/GaAs,8–10 InSb/InP,11 CdSe/ZnSe,12

SiGe/Si,13,14 and InP/GaInP.15,16 For instance, Joyceet al.6

have recently shown that GaAs growth on top of large In
QD’s formed at low growth rates is hampered, which leads
a reduction of the In segregation and In-Ga intermixing d
ing the GaAs overgrowth.17 For the same material system
Wanget al.4 found that the use of InGaAs as a capping m
terial reduced the surface strain, leading to a redshift of
photoluminescence~PL! emission with increasing In conten
In an early study of InP/GaInP QD’s by Pistolet al.,15 it was
shown that the GaInP cap layer thickness has a strong in
ence on the optical properties of the QD’s. Intriguingly, t
blueshift of the PL emission increased slowly for low c
thicknesses and at GaInP thickness of about 20 nm the b
shift exhibited a steep increase with further growth of t
capping layer.

We have recently demonstrated the feasibility of us
scanning tunneling microscopy~STM! and scanning tunnel
0163-1829/2003/68~12!/125303~9!/$20.00 68 1253
ve
s

e
t.
n

s

s
o
-

-
e

u-

e-

g

ing luminescence~STL! to make a direct correlation betwee
the morphology of the surface and the optical properties
semiconductor nanostructures.18,19 For instance, we have
shown that fully developed InP QD’s act as templates in
formation of GaInP domains with a higher degree of order
than that of the GaInP bulk.16

In the present study we have used STM, STL, and tra
mission electron microscopy~TEM! to follow the evolution
of the surface morphology and the optical properties
single InP QD’s as a function of GaInP overgrowth thic
ness. We find that GaInP initially only grows laterally fro
the side facets of the QD’s and GaInP islands are form
extending in the@110# direction. The lateral growth continue
with further deposition, although competing with the laye
by-layer growth of GaInP in between the islands. Once
islands begin to merge the GaInP starts to grow on top of
QD’s, which is found to be the onset for an enhanced bl
shift of the QD emission with further increase of the cappi
layer thickness. The electronic structure has been calcul
with eight-bandk•p theory, in which a realistic model of the
overgrowth was used, based on the structural informa
from the STM and TEM data. The calculations are in go
agreement with the experiments and reveal that elec
states, rather than hole states, are responsible for the
served evolution of the QD emission. Furthermore, we c
clusively show that the change in rate of the blueshift
directly correlated to the onset of growth of GaInP on top
the InP QD’s.
©2003 The American Physical Society03-1
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II. EXPERIMENTAL DETAILS

A. Sample preparation

The samples were grown by metal-organic vapor-ph
epitaxy~MOVPE! using a low-pressure~100 mbar! rf-heated
reactor. Trimethylgallium~TMG!, trimethylindium ~TMI !,
PH3 , AsH3, and Si2H6 precursors were used with H2 as the
carrier gas. Initially, a 250-nm-thick Ga0.51In0.49P ~which we
in the following refer to as GaInP! layer was grown, lattice
matched to the~001!GaAs substrate, followed by two mono
layers~ML ! of GaP to increase the size homogeneity of
QD’s.20 The QD’s were then grown in the Stransk
Krastanow mode by deposition of 3 ML~0.5 ML/s! InP at
580 °C. This was followed by a 12-s anneal, after which
samples were overgrown with nominally 5, 10, 20, or 30 n
of GaInP~0.33 nm/s! and subsequently cooled to room tem
perature. The GaInP was highlyn doped ~Si, n
51018 cm23). Using the growth conditions above, uncapp
samples show fully developed, slightly truncated, QD’s h
ing heights between 12 and 15 nm and base widths of 40
nm and 55–65 nm in the@ 1̄10# and@110# directions, respec-
tively. The density of QD’s was measured on uncapp
samples to be about 109 cm22 by atomic force microscopy
~AFM! and STM. It has previously been shown that t
shape of the dots is not affected by the overgrowth.21 Further
details of the growth can be found elsewhere.20,22

In order to ensure stable tunneling conditions in the ST
and STL measurements, the samples were sulfur passiv
by immersion into a 2% ammonium sulfide solution kept
55 °C for 30 min. The samples were then outgassed
120 °C for 12 h in the load-lock chamber before transfer i
the ultrahigh-vacuum~UHV! chamber of the STM.

The @ 1̄10# and @110# cross-section samples for the TE
investigations were prepared by cleaving, mechanical gr
ing, and polishing, followed by Ar1-ion milling until elec-
tron transparency was reached.

B. Measurements

The STM and STL measurements were carried out usin
variable-temperature UHV-STM, in which the samples c
be cooled to 20 K. The STM tips were prepared from tun
sten wires by electrochemical etching in a 2 mol/dm3 KOH
solution. Prior to the experiments, the tips were cleanedin
situ by Ar1-ion sputtering and radiative heating using
tungsten filament. The system is equipped with an opt
detection system and a laser source, which allows for S
and PL to be performed without changing the sam
position.19 The PL was obtained using a frequency-doub
Nd:yttrium aluminum garnet~YAG! laser emitting at 532
nm. The luminescence signal was collected by a lens~50 mm
in diameter!, situated 100 mm from the tip-sample regio
and focused onto the entrance slit of a 0.27-m monoch
mator. The dispersed emission was then detected usin
liquid-nitrogen-cooled Si charge-coupled device~CCD! cam-
era. A note about the STL measurements: STM images w
acquired before and after acquisition of the STL spectra
ensure that no changes of the surface had occurred as w
to determine any drift. The tip positions indicated in the fi
12530
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ures represent the mean positions during STL acquisit
The TEM examinations were performed using a JEO
4000EX microscope with a point-to-point resolution of 0.1
nm, operated at an acceleration voltage of 400 keV.

III. RESULTS AND DISCUSSION

A. Morphology and structure

Figure 1 shows STM constant current topographs of
QD samples overgrown with nominally 5, 10, 20, and 30 n
of GaInP. In the case of a 5-nm cap@see Fig. 1~a!#, bright
dome-shaped features are clearly visible, correspondin
islands of partially overgrown InP dots. These GaInP/InP
lands are rather uniform in size, having apparent heights
12–15 nm and apparent widths of 100–130 nm and 190–
nm in the@ 1̄10# and@110# directions, respectively. The larg
lateral size of the islands, as compared to uncapped Q
indicates that the InP QD’s act as seeding points for
GaInP capping layer and almost all of the material suppl
during the overgrowth is incorporated into the islands. F
thermore, the height of the islands is approximately the sa
as for uncapped dots, which suggests that during the in
stages of the overgrowth, GaInP preferentially grows la
ally from the side facets of the InP QD’s~Ref. 19! and not on
top of the QD’s. The surface morphology has a similar a
pearance when the cap layer thickness is increased to 10
although we observe an increase in the island sizes as we
a larger size distribution; cf. Fig. 1~b!. The islands have typi-
cal heights of 9–11 nm and widths of 140–160 nm and 25
300 nm in the@ 1̄10# and @110# directions, respectively, bu
islands as large as 350 nm were occasionally observed.
increase in island size implies that a significant part of

FIG. 1. STM constant-current topographs of InP QD’s ov
grown with nominally~a! 5 nm, ~b! 10 nm,~c! 20 nm, and~d! 30
nm of GaInP. The images are 131 mm2 in size and were acquired
using a tunneling current of 100 pA and a sample bias of26 V.
3-2
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GaInP grows at the islands; however, the slight decreas
island height indicates that epitaxial growth of GaInP in b
tween the QD’s also occurs.

Increasing the cap layer thickness to 20 nm substanti
alters the appearance of the surface. At this point isla
have begun to merge@see Fig. 1~c!#, although flat areas in
between the islands are still observable where the
nearest-neighbor distances are sufficiently large. The isla
have typical heights of 8–11 nm and widths of 150–250
and 350–425 nm in the@ 1̄10# and @110# directions, respec-
tively. The increase in lateral dimensions of the islands d
not fully account for the supplied amount of material, a
since the height of the islands is about the same as for
10-nm cap layer, GaInP has most probably begun to grow
top of the InP QD’s. Occasionally, large islands with heig
of 20–27 nm and widths of about 300 nm and 400 nm, in
@ 1̄10# and @110# directions, respectively, were observed.
Fig. 1~d!, QD’s capped with nominally 30 nm of GaInP a
shown. The surface morphology is complex; the GaInP/
islands have coalesced and flat areas are rarely observed
lateral sizes of the islands are smaller than in the case
20-nm cap layer because of the merge and their appa
dimensions are determined by the merger boundaries.
morphology observed is a manifestation of the growth
GaInP domains rather than of individual islands with an I
QD in the center. Hence, what appears to be an island in
STM topographs does not necessarily correspond to a si
overgrown QD. In addition, larger-scale features are of
seen with typical dimensions of 450–600 nm@indicated in
Fig. 1~d! with black arrows#, which are 20–35 nm highe
than the neighboring islands. The occurrence of these la
islands will be further discussed below.

We have also used cross-sectional TEM to determine
structure of the overgrown material. The TEM data corrob
rate the STM experiments and provide further informatio
which strengthens the interpretation of how overgrowth
curs. Figure 2~a! shows a TEM micrograph of an InP QD
after overgrowth of nominally 5 nm of GaInP. There is
evident interface~indicated by a white arrow! as an effect of
differences in thickness, i.e., electron transparency, betw
the GaInP/InP island and the bulk GaInP. The island is 2
nm wide with a QD in the center, visible as a dark area d
to the strain fields inside and in the proximity of the QD@see
Fig. 2~b!#. Furthermore, the TEM image in Fig. 2~a! reveals
that there is a small height modulation in the GaInP isla
the GaInP in the vicinity of the QD~arrowA) is about 2 nm
lower than the QD, but approximately 20 nm away from t
QD, the GaInP is instead 2–3 nm higher than the QD~arrow
B). This height modulation of the islands is still prese
when the nominal cap layer thickness is increased to 10
which is shown in the TEM micrograph of Fig. 2~c!. How-
ever, the size of the island is larger and, as suggested by
STM data, the TEM data show that even for a 10-nm-th
cap layer the top of the InP QD is not covered by GaInP@cf.
Fig. 2~d!#.

Figure 3~a! shows a TEM micrograph of two GaInP/In
islands that have coalesced at a nominal GaInP capping l
thickness of 20 nm. At this coverage, GaInP has begun
grow on top of the QD’s, reaching a typical thickness
12530
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about 8 nm. The presence of QD’s in the islands is seen
darker gray areas in the micrograph due to the strain field
and around the QD’s. The sample is not cut through
center of the island to the left and thus the strain fields
not as pronounced as in the island to the right, for which
QD is indicated by a black arrow. Figures 3~b! and 3~c! show
InP QD’s capped with nominally 30 nm of GaInP, from
which it is clear that the GaInP island shape does not ne
sarily reflect the positions of the InP QD’s. Two commo
types of larger GaInP islands are observed, either with a
in the center or with two QD’s closer to the edge of t
island @see Figs. 3~b! and 3~c!, respectively#. In the latter
case, the distance between the neighboring InP QD’s is
ficiently small that the GaInP islands merge during an ea
stage of the overgrowth, after which the GaInP appears
grow preferentially in between the QD’s. Notably, domai
of ordered GaInP are formed during the overgrowth, hav
a double periodicity in the@ 1̄11# and@11̄1# directions.23 The
QD-induced ordering for this particular material system h
recently been discussed in detail in Refs. 16 and 23.

There is a rather complex interplay between the QD-Q
distance and the growth of GaInP. The lateral width o
GaInP island does not provide any information whethe
contains one or several QD’s. However, there are some
nificant differences between the single-QD~SQD! and
double-QD ~DQD! islands. The SQD islands are highe
about 35 nm above the surface, as compared to the D

FIG. 2. Cross-sectional TEM micrographs of InP QD’s ove
grown with nominally~a!, ~b! 5 nm and~c!, ~d! 10 nm of GaInP.
Enlarged views of the areas indicated by a dashed rectangle i~a!
and ~c! are shown in~b! and ~d!, respectively. ArrowsA and B
indicate regions in the GaInP/InP island with differing heigh
which are discussed in the text.
3-3
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islands, which typically have a height of about 22 nm. T
SQD islands are also steeper in the@ 1̄10# direction, with an
inclination of about 10° to the~001! plane as compared to 6
for DQD islands. In Fig. 3~d! a detailed view of the area
indicated by a black rectangle in Fig. 3~c! is shown, in which
an InP QD can be seen. We stress that the shape of the
QD is retained during overgrowth as reported previousl21

In addition, we do not see any evidence of an InP wett
layer, which is not surprising considering the possibility
intermixing between the GaP layer grown prior to the QD
and an InP wetting layer.

A summary of the TEM measurements is given in Table
The island sizes found by TEM are comparable to the S
measurements of the different capping layer thicknesses
vestigated. Intriguingly, the TEM finds evidence that the
has already been a considerable growth of GaInP in betw

FIG. 3. Cross-sectional TEM micrographs of InP QD’s ove
grown with nominally~a! 20 nm and~b!, ~c! 30 nm of GaInP.~d!
An enlarged view of the area indicated by the dashed rectang
~c!.
12530
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the islands at a nominal cap layer of 10 nm. In addition, th
is no GaInP on top of the QD at this nominal cap thickne
which the STM data suggested but could not conclusiv
show. The reluctance of GaInP to grow on top of the InP Q
is not surprising considering the lattice mismatch betwe
the ~001! surfaces of InP and GaInP.

B. Optical properties

In Fig. 4 in situ PL spectra of the samples having diffe
ent cap layer thicknesses are shown. For nominal Ga
thicknesses ranging from 5 nm to 20 nm the spectra hav
very similar appearance with a strong emission peak at 1
eV from the GaInP matrix and a broad emission peak aro
1.5 eV. The latter peak is attributed to the superposition
emission from the GaAs substrate and from a large ensem
of QD’s. At a nominal thickness of 30 nm the emission fro
the QD’s has shifted towards higher energies, giving rise
an additional peak at 1.6 eV, as an effect of the strain indu
by the cap layer.15 The QD emission is well defined, imply
ing that the QD ensemble has a fairly homogeneous dis
bution in size and shape. Since the surface density of
QD’s is too high to allow for PL of single QD’s using
conventionalm-PL setup and the emissions from the QD

in

FIG. 4. In situ PL of InP QD’s overgrown with nominally 5 nm
10 nm, 20 nm, and 30 nm of GaInP. The measurements were
formed at a sample temperature of 20 K.
TABLE I. Summary of the TEM measurements.

Nominal Cap Island dimensions~nm! GaInP thickness~nm!

~nm! height length[1̄10] length[110] 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
3-4
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FIG. 5. ~a! Scanning tunneling luminescenc
spectra from individual QD’s and~b!–~e! the cor-
responding constant current topographs. T
measurements were made at a sample temp
ture of 20 K, using a sample bias of26 V. The
tunneling current was 100 pA during imaging an
20, 5, 5, and 20 nA during acquisition of spect
S1 , S2 , S3, andS4, respectively. The arrows in
the STM images indicate the tip position durin
the STL measurements.
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and the GaAs substrate coincide for the lower nominal
thicknesses, we have utilized the STM tip as a local exc
tion source.

In all the measurements presented below the sample
negatively biased relative to the tip. Under these conditi
the Fermi level of the tip is below the valence band edge
the sample, from which electrons are extracted, equivalen
injecting holes. The injected minority charge carriers reco
bine in the sample and photons are emitted.24

Figure 5~a! shows the evolution of single dot STL spect
as the nominal capping layer thickness is increased fro
nm to 30 nm. It should be noted that the STL spectra in F
5 constitute an excerpt from a large number of measurem
on 60 different single QD’s. However, the spectra repres
the most commonly observed emission shapes and ene
for the different cap layer thicknesses. The GaInP/InP
lands, from which the spectra were obtained, are show
the STM topographs of Figs. 5~b!–5~e!. The tip positions are
indicated by white arrows. Notably, if the tip were position
in between QD’s at a distance of approximately 200 nm fr
the nearest QD, no or only a very weak luminescence sig
from QD’s could be detected~nor any luminescence from th
GaAs substrate!, as has been shown in our earlier studies.19,18

At a nominal GaInP coverage of 5 nm a characteristic Q
emission having an energy of about 1.46 eV is observed
agreement with earlier PL results.15 The QD emission is dis-
tributed over almost 150 meV and has two prominent pe
at 1.46 eV and 1.48 eV with almost equal intensity and
long emission tail extending towards lower energies;
spectrumS1 in Fig. 5~a!. There is also an evident asymmet
towards higher energies. In peak fitting of the spectrum,
ing Lorenzian line shapes of fixed width, a best fit requi
an additional third emission peak at 1.50 eV. When the no
nal cap layer thickness is increased to 10 nm a similar
shape is observed~see spectrumS2), in which two emission
peaks are clearly resolved at an energy of 1.44 eV and
eV, respectively.

However, at a nominal cap thickness of 20 nm the sp
trum S3 is substantially different as compared to lower nom
nal cap thicknesses. Three well-defined and pronoun
emission peaks at 1.46 eV, 1.48 eV, and 1.51 eV are
served, for which a Lorenzian fit gives a full width at ha
12530
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maximum~FWHM! of 15 meV. There is a small blueshift in
emission energy as compared to the lower nominal cap th
nesses and the overall shape of the emission has cha
drastically, where the second emission peak has almost tw
the intensity compared to the other peaks. Based on our S
and TEM data we estimate that there are 6–8 nm~Ref. 31!
of GaInP on top of the QD. The line shape of the QD em
sion is similar when the nominal GaInP cap thickness is
creased to 30 nm. However, the QD emission has shi
significantly towards higher energies. The GaInP overla
on the QD in Fig. 5~e! is estimated to be 10–12 nm thick. I
the STL spectrumS4, three peaks at 1.57 eV, 1.59 eV, 1.6
eV and a clear shoulder at a higher energy are obser
Surprisingly, even though STL provides a very local exci
tion of the sample, emission from the GaAs substrate is
served. However, since the GaAs emission approxima
scales with the luminescence intensity of the QD’s and si
the GaInP is transparent for the QD emission, we attrib
the signal from the GaAs to arise from photoexcitation
the QD emission.18

The spectra in Fig. 5 have been fitted using Lorenzian l
profiles, in which a fixed FWHM for the peaks in each spe
trum were used. With this constraint a good fit was obtain
for all nominal cap thicknesses except for the 30-nm capp
layer. In this case, a good fit could not be achieved unless
FWHM were allowed to vary between the individual peak
This suggests that there are more components than the
considered; however, these could not be unambiguously
termined. The results are summarized in Table II and will
further discussed below.

As discussed in Sec. III A, we encountered significa
variations in the overlayer thickness for the samples w
larger nominal capping and, in particular, for the 30-nm ca
An example of how these variations affect the optical pro
erties of the QD’s is shown in Fig. 6~a!. The STL spectra
were acquired with the STM tip at the positions indicated
the arrows in Figs. 6~b! and 6~c!, at a sample temperature o
80 K. SpectrumP1 is acquired with the STM tip positioned
on top of a GaInP island of similar height compared to neig
boring islands. The island, from whichP2 is obtained, is
about 32 nm higher than neighboring QD’s and its sides
3-5
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inclined by 12° to the surface in the@ 1̄10# direction, sug-
gesting that this is an SQD island. There is a 52-meV shif
the emission peak towards higher energies for the spe
from the SQD island due the difference in GaInP cap thi
ness, i.e., strain excessed by the overgrowth.

A few general observations concerning the emission in
STL measurements can be made. All spectra have a fa
wide emission, which in the case of the QD’s at the surfa
~i.e., for a nominal cap thickness of 5 and 10 nm! are dis-
tributed over almost 150 meV. For higher nominal cap thic
nesses the emission is somewhat narrower but still in
order of 100 meV. Additionally, the low-energy tail prese
in the spectra from the surface QD’s diminishes as the no
nal cap thickness is increased. Although the low-ene
emission tail seems related to the surface or the redu
tip-QD distance, its origin is presently not known. If w
compare the FWHM of the two lowest-energy peaks fro

TABLE II. Summary of Lorenzian peak fitting of the scannin
tunneling luminescence spectra in Fig. 5.

Nominal cap E1 E2 E3 E4 FWHM D(E22E1)
~nm! ~eV! ~eV! ~eV! ~eV! ~meV! ~meV!

5 1.456 1.484 1.502 – 22 28
10 1.442 1.470 1.490 – 25 28
20 1.462 1.481 1.506 – 15 20
30 1.571 1.592 1.617 1.635 9–27a 20

aA best fit was obtained using FWHM values of 13, 9, 20, and
meV for peaksE1 , E2 , E3, andE4, respectively.

FIG. 6. STL and STM of GaInP/InP islands for a nominal ca
ping layer thickness of 30 nm.~a! Scanning tunneling luminescenc
spectra from the GaInP/InP islands indicated in~b! and~c!, respec-
tively. The measurements were performed at a sample temper
of 80 K, using a sample bias of26 V. The tunneling current was
100 pA during imaging and 20 nA during acquisition of STL spe
tra.
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each spectra,E1 andE2 in Table II, it is clear that the peak
become more narrow for the buried QD’s. We note that H
et al.25 made similar observations for QD structures in qua
tum wells, where a broadening was seen for QD’s close
the surface. Furthermore, we can compare our data with
cent m-PL measurements of individual QD’s in the sam
material system. Hessmanet al.26,27have studied fully devel-
oped, fully strained, single InP QD’s, where an emissi
range of about 50 meV was reported. The broad emiss
was attributed to the presence of a large number of occu
electron states in the InP dot,27 due to the surroundingn-type
GaInP. In comparison with our results, using the spectr
obtained for the 30-nm case@S4 in Fig. 5~a!#, it is evident
that the spectra have a very similar shape although the
emission is broader and shifted due to the difference in c
ping layer thicknesses. Even though our samples have hi
n-type doping, an argument based on the electron occupa
of the QD’s does not explain the peak widths observed h
This issue needs be investigated further and here we can
speculate that charge fluctuations in the InP QD due to
presence of the STM tip or the nature of the excitation m
play an important role.28

C. Theory

In addition to our experimental work, we have inves
gated the effects of capping layer thickness on the transi
energies of InP QD’s in GaInP using eight-bandk•p theory
in the envelope function approximation. Single-particle en
gies were calculated by first finding the strain profile usi
the finite-element method, followed by a diagonalization
the Hamiltonian using the Lanczos’ algorithm. Details of t
method can be found elsewhere.29,30

Investigations by TEM and STM~see Sec. III A! show
that the overgrowth can be divided into three distinct mod
according to the amount of capping material deposited
the first mode, the overgrowth extends laterally, but does
cover the top of the QD. We have modeled this growth mo
by an ellipsoid of capping material, with height equal to th
of the QD @cf. Figs. 7~a! and 7~b!#. The ratio of the lateral
dimensions of the ellipsoid was kept fixed to the experim
tally measured size, 116 nm and 212 nm in the@ 1̄10# and
@110#, respectively, at an overgrowth corresponding to
nominal cap layer thickness of 5 nm. In the second grow
mode, the overgrowth still extends laterally but material a
accumulates layer by layer between the QD’s. We treat
mode on an equal footing with the first growth mode, sin
the material that grows between the GaInP/InP islands d
not effect the strain experienced by the QD’s. The th
growth mode is characterized by vertical growth@see Fig.
7~c!#, with no further growth in the lateral direction beyon
that obtained during the first two growth modes. We mode
this by increasing the height of the ellipsoid while keepi
the lateral dimensions fixed. In the calculations we have u
a QD with a height of 14 nm and a base width of 44 nm a
62 nm in the@ 1̄10# and@110# directions, respectively. In the
discussion that follows we will refer to the first and seco
modes as the lateral growth modeGL and the third mode as
the vertical growth modeGV .
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Figure 8 shows band diagrams along the@001# direction
computed using the local values of the strain andk50 for a
QD with a nominal capping layer thickness of 5 nm, i.e.,
capping material on top, and with 5 nm of capping mate
covering the QD~which corresponds to a nominal thickne
of 23 nm; see below!. The main difference between the tw
cases is the confining potential for the holes. With no c
ping material on top there is a shallow potential minimu
~valence band maximum! around the base of the dot, whil
capping material causes a relatively deep potential well
cated above the QD in the GaInP cap. This minimum
induced by the heavily strained layers of capping materia
the top surface of the QD. The potential profile experienc
by the electrons is not significantly altered by the presenc
capping material.

FIG. 7. Schematic drawings of the QD and cap geometries u
in the calculations.~a! Projection on the~001! plane.~b!, ~c! Pro-

jection on the (1̄10) plane showing the lateral growth mode and t
vertical growth mode, respectively. The dashed lines indicate
change in capping geometries for the growth modes.

FIG. 8. Band diagrams through the center of a QD in the@001#
direction with ~a! a nominal capping layer thickness of 5 nm, i.e
no capping material on top, and~b! capped with 5 nm GaInP on top
12530
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We also calculated the electronic states for the cap
QD’s. First we computed ground-state electron and h
states keeping the height of the ellipsoid constant and e
to the height of the QD while the lateral dimension of t
ellipsoid was varied~modeGL). Second, we calculated th
electron and hole ground states as a function of the e
soid’s height~mode GV) with the lateral dimensions held
fixed at a sufficiently large size that the transition energy h
converged for the modeGL structure. This size correspond
to 224 nm and 418 nm in the@ 1̄10# and @110# directions,
respectively. In the first case we parametrized the size of
ellipsoid by an equivalent planar capping layer thickness.
assuming each QD has access to an areaA from which the
deposited capping material of thicknesst is collected, we
have

At5Vellipsoid2Vdot , ~1!

whereVellipsoid is the volume of the ellipsoid andVdot is the
volume of the QD. The parameterA was fitted to STM data
for a GaInP/InP island at a nominal capping layer thickn
of 5 nm, givingA'1603160 nm2.

For the vertical growth mode we had to choose a late
size for the ellipsoid beyond which the capping material
cumulated on top of the QD rather than on the sides. T
point at which growth crossed over from modeGL to mode
GV was fitted to experiment, i.e., a nominal capping lay
thickness of 18 nm as determined by TEM and STM~see
Sec. III A!, and for each extra nanometer of capping mate
deposited we assumed the height of the ellipsoid grew by
same amount. Figure 9 shows the calculated transition e
gies as a function of capping layer thickness, the PL data
Ref. 15, and the energies of the first emission peak as de
mined by STL from 60 different GaInP/InP islands. Th
shaded region in Fig. 9 indicates the transition energy dif
ence between modeGL and the equivalent calculation bu
with 1 nm of GaInP on top of the InP QD. The calculation
in good agreement with experiments and demonstrates

ed

e

FIG. 9. Theroretical and experimental ground-state emission
a function of capping layer thickness. The PL data is reprodu
from Pistolet al. ~Ref. 15!.
3-7
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M. K.-J. JOHANSSONet al. PHYSICAL REVIEW B 68, 125303 ~2003!
the strain-induced energy shift is highly dependent on
growth mode. In particular, the calculations conclusive
show that the onset of enhanced blueshift of the QD em
sion is directly correlated to the beginning of GaInP grow
on top of the QD.

Figure 10 shows electron and hole energies for the
growth modes. The calculations of the eigenvalues as a fu
tion of capping layer thickness show that the ground-s
electron and hole energies increase 50 meV and 7 meV
spectively, when the nominal capping layer increases fro
nm to 12 nm@modeGL ; cf. Figs. 10~a! and 10~b!#. When the
nominal capping of the QD’s increases from 18 nm to 30
@modeGV , Figs. 10~c! and 10~d!# the ground-state electro
and hole energies increase 170 meV and 22 meV, res
tively, giving an increase in transition energy of 148 me
Hence, we can conclude that the major contribution to
increase in transition energy with increasing capping la
thickness is the increase in electron energy. In addition,

*Corresponding author. Electronic addres
mikael.johansson@ftf.lth.se

†Presently at: OSRAM Opto Semiconductors GmbH, Wernerwe
str. 2, D-93049, Regensburg, Germany.
1See, for instance, D. Bimberg, M. Grundmann, and N.N. L

dentsov, Quantum Dot Heterostructures~Wiley, Chichester,
1999!.

2Y.M. Manz, O.G. Schmidt, and K. Eberl, Appl. Phys. Lett.76,
3343 ~2000!.

3For a recent review see Z. Alferov, IEEE J. Sel. Top. Quant
Electron.6, 832 ~2000!.

FIG. 10. Calculated energies of the four lowest electron sta
and four highest hole states as a function of GaInP capping.~a!
Conduction and~b! valence band energies during the lateral grow
~c! Conduction and~d! valence band energies as a function
GaInP growth on top of the QD, i.e., vertical growth.
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note that the energy difference between the ground and
excited electron states decreases from 34 meV to 15 me
the nominal cap thickness is increased from 5 nm to 30 n
Comparing with the measured peak separationsD(E22E1)
of 28 meV and 20 meV~cf. Table II!, we find good agree-
ment between theory and experiment.

IV. SUMMARY AND CONCLUSION

The evolution of the surface morphology during GaIn
overgrowth of InP QD’s has been studied by STM and TE
In addition, the optical properties were studied by ST
which in combination with STM provides a direct correlatio
to the overgrowth morphology. The growth of GaInP on I
QD’s can be divided into three distinct stages. During t
initial stage GaInP grows solely laterally from the side fac
of the QD’s, forming islands elongated in the@110# direction.
The second stage is characterized by the epitaxial growt
GaInP in between the islands in addition to the lateral grow
of the GaInP/InP islands. In the third stage GaInP grows
top of the InP QD’s. The transition between lateral~stages 1
and 2! and vertical~stage 3! growth is found to be the onse
for the enhancement of the blueshift of the InP QD emiss
and is further characterized by the narrowing of individu
emission peaks as well as a reduction of the peak separa
The electronic structure has been calculated using eight-b
k•p theory, in which a realistic model for the overgrow
was used, based on experimental data. The calculations
in good agreement with the STL measurements and s
that the electron states are responsible for the magnitud
the strain-dependent energy shift, induced by the overgrow
We conclusively show that the change in rate of the blues
is directly correlated to the onset of growth on top of the I
QD’s.
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