EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

In islands and their conversion to InAs quantum dots on GaAs
(100): structural and optical properties

Citation for published version (APA):

Urbanczyk, A. J., Hamhuis, G. J., & Noétzel, R. (2010). In islands and their conversion to InAs quantum dots on
GaAs (100): structural and optical properties. Journal of Applied Physics, 107(1), 014312-1/4. Article 014312.
https://doi.org/10.1063/1.3269700

DOI:
10.1063/1.3269700

Document status and date:
Published: 01/01/2010

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 17. Nov. 2023


https://doi.org/10.1063/1.3269700
https://doi.org/10.1063/1.3269700
https://research.tue.nl/en/publications/8fe6dded-4f11-4afc-9a42-5ed9f42b7854

JOURNAL OF APPLIED PHYSICS 107, 014312 (2010)

In islands and their conversion to InAs quantum dots on GaAs (100):
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University of Technology, 5600 MB Eindhoven, The Netherlands

(Received 16 October 2009; accepted 5 November 2009; published online 7 January 2010)

We report growth of crystalline In islands on GaAs (100) by molecular beam epitaxy at low
temperatures. The islands have a pyramidlike shape with well defined facets and epitaxial relation
with the substrate. They are of nanoscale dimensions with high density. Above a certain substrate
temperature, associated with the melting point of In, noncrystalline round shaped islands form with
larger size and lower density. Upon conversion of the In islands into InAs islands under As flux, the
final shape does not depend on the original crystalline state but on the annealing temperature of the
InAs islands. Clear photoluminescence is observed from InAs quantum dots after conversion of the
crystalline In islands. © 2010 American Institute of Physics. [doi:10.1063/1.3269700]

I. INTRODUCTION

Recently, there has been a lot of interest in droplet epi-
taxy for the formation of III-V semiconductor quantum nano-
structures. In droplet epitaxy, only the group-III element is
deposited to form liquid droplets or solid islands on the sub-
strate surface which are then recrystallized under group-V
element flux.' This technique is very versatile and has been
applied for the formation of various nanostructures such as
quantum dots (QDs),”> QD pairs,” or single and multiple
quantum rings.4’5 For InAs QDs grown on GaAs using drop-
let epitaxy, the best results in terms of QD size, shape, and
optical quality have been obtained for In deposition at near-
room temperature.6 Most of the work, so far, has concen-
trated on the properties of the final InAs nanostructures and
not much on the nature of the In islands and its possible
influence on the recrystallization process.

In this work, we report the distinct crystalline structure
of In islands grown on GaAs (100) at sufficiently low tem-
peratures. Reflection high-energy electron diffraction
(RHEED) and atomic force microscopy (AFM) reveal a
pyramidlike shape with well defined facets and epitaxial re-
lation with the substrate, independent on the reconstruction
of the starting GaAs surface. The islands are of nanoscale
dimensions with high density. Above a certain substrate tem-
perature, associated with the melting point of In, noncrystal-
line round shaped islands form with larger size and lower
density. After converting the In islands into InAs islands un-
der As flux, the final shape does not depend on the original
crystalline state. However, the final shape does depend on the
annealing temperature of the InAs islands. InAs QDs formed
by recrystallization of the small crystalline In islands reveal
clear photoluminescence (PL) emission and sharp lines from
individual QDs at low temperature evidencing high structural
and optical quality.
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Il. EXPERIMENTAL PROCEDURE

The samples were grown by solid source molecular
beam epitaxy (MBE) on undoped, singular GaAs (100) sub-
strates. After native oxide removal under As, flux at 580 °C,
a 200 nm thick GaAs buffer layer was grown. Then, the
samples were cooled down to temperatures between 50 and
120 °C (thermocouple reading) and the As valve was closed
around 300 °C, resulting in an As-rich ¢(4 X 4) surface re-
construction, determined by RHEED. For some samples, a
Ga-rich (4 X 6) surface reconstruction was prepared by depo-
sition of Ga to an equivalent of 1.75 monolayers (ML) GaAs
at 400 °C after closing the As valve. In was then deposited
to an equivalent of 2 and 12 ML InAs after the As back-
ground pressure was below 2X 107 Torr. Some samples
were taken out at this stage for AFM investigations (tapping
mode in air). For conversion of the In islands into InAs, the
starting temperature was 80 °C for all samples and the Asy
beam equivalent pressure was 1X 107> Torr. After a few
minutes, the substrate temperature was raised to 400 or
500 °C followed by 20 min annealing. Once again, some
samples were cooled down and taken out at this step for
AFM investigations. For PL measurements, 20 nm GaAs
were grown after annealing at the annealing temperature and
80 nm at 580 °C. For PL, the samples were mounted in a
low temperature cryostat and excited with the 632.8 nm line
of a He—Ne laser. The PL was dispersed by a 1/4 m single
monochromator and detected by a liquid nitrogen cooled In-
GaAs photodiode array detector.

lll. RESULTS AND DISCUSSION

Figure 1 shows the RHEED patterns recorded along the

GaAs [011], [011], and [001] directions after deposition of 2
ML In at 80 °C. Similar patterns were obtained for tempera-
tures below 120 °C and different In amounts. The spotty
RHEED pattern clearly shows the transmission diffraction
pattern in agreement with the body centered tetragonal crys-
tal structure of bulk In, indicating the formation of crystal-
line In islands. The characteristic transmission diffraction

© 2010 American Institute of Physics
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FIG. 1. (Color online) RHEED patterns recorded along GaAs [011], [011],
and [001] after deposition of 2 ML In at the temperature of 80 °C.

spots are marked by circles. Crystalline In islands have also
been reported for growth on GaAs (110).”* Careful analysis
of the RHEED patterns reveals the epitaxial relation with the
substrate to be [001];,11[011]g,a Where [100];,1I[100]g,as 18
the high symmetry direction of In. The additional diffraction
features might be attributed to twin planes in the islands,’
surface scatttering,10 finite size effects,11 or even electron
refraction.'” The deduced epitaxial relation is confirmed by
the AFM image presented in Fig. 2(a). Most of the islands
obtained after deposition of 12 ML In, to better resolve the
shape, have an average side length of 100 nm, height of 35
nm, and density of 12 um™2. They exhibit a pyramidlike
shape with square base oriented along [011] and distinct side
facets, most likely {110} facets. Some islands adopt more
complicated shapes, which most probably originate from the
formation of defects, especially twin planes.

All the results discussed above are obtained for In is-
lands grown on As-rich GaAs surfaces with c(4 X 4) surface
reconstruction. Very similar results are obtained on Ga-rich
GaAs surfaces with (4 X 6) surface reconstruction apart from
slight variations in island density, which might well originate
from slight variations in the substrate temperature. There-
fore, we conclude that the reconstruction of the starting
GaAs surface has no influence on the formation of the crys-
talline In islands.

For In islands grown at 120 °C, no streaky to spotty
RHEED pattern transition is observed, but only a slight in-
crease of diffuse background scattering, indicating that crys-
talline islands do not form. This is confirmed by the AFM
image shown in Fig. 2(b). The islands obtained after deposi-
tion of 12 ML In have a shape of a truncated sphere with
average diameter of 300 nm, height of 150 nm, and density
of 0.5 um™2, and no visible facets. Upon cooling the sample
in the MBE chamber, there is no change of the RHEED
pattern. However, in scanning electron microscopy (not pre-
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—
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FIG. 2. (Color online) AFM image of the In islands obtained after deposi-
tion of 12 ML In at (a) 80 °C and (b) 120 °C. The scan fields are 2
X2 pm?. Inset in (a) shows a magnified amplitude image of a single In
island formed at 80 °C.
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FIG. 3. (Color online) AFM images of the InAs islands formed from (a)
crystalline and (b) noncrystalline In islands after exposure to As, flux and
annealing at 500 °C. (c) InAs islands formed from crystalline In islands and
annealed at 400 °C. The amount of deposited In is 2 ML. The scan fields are
2X2 um? Inset in (a) shows a magnified image of InAs islands formed
from crystalline In islands annealed at 500 °C.

sented here), a small fraction of around 5% of the islands
exhibits the faceted pyramidlike shape indicating crystalliza-
tion of some islands during cooling. The larger size and
smaller density of the In islands grown at 120 °C, compared
to those grown at 80 °C, are consistent with the larger In
adatom surface migration length at higher temperature. The
different shape is explained by the fact that the islands grown
at 120 °C are liquid. The melting temperature of bulk In is
156 °C. In an experiment to melt the crystalline In islands in
the MBE chamber by increasing the substrate temperature
from 80 °C, a melting temperature between 170—180 °C is
deduced from the disappearance of the spotty RHEED pat-
tern. This discrepancy is explained by heating of the GaAs
surface by the open In effusion cell during In island growth
and a slight offset of 10-20 °C between the thermocouple
reading and actual GaAs surface temperature for the closed
In effusion cell during melting. Then, during In island
growth, the thermocouple reading of 80 °C is still below the
bulk In melting temperature and the reading of 120 °C is
above. It is interesting to note that the In islands observed
after melting the crystalline In islands have size, shape, and
density very similar to the In islands grown at 120 °C.
Hence, during melting, there is no memory of the size,
shape, and density of the crystalline islands and an equilib-
rium state according to the higher temperature is reached.
Figures 3(a) and 3(b) show the AFM images of the InAs
islands obtained after deposition of 2 ML In at 80 and
120 °C, exposure to As flux, heating up, and annealing at
500 °C, revealing islands elongated along the [011] direc-
tion. The annealing step is inevitable for obtaining InAs QDs
of high structural and optical quality.13 The In islands grown
at 120 °C are first cooled down to 80 °C to avoid collapse
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of the solidified islands during the initial exposure to As
which often leads to the formation of rings-like structures for
liquid islands exposed to As,. This can also be prevented by
applying intense As fluxes at higher temperatures. However,
to guarantee identical recrystallization conditions for the
crystalline and noncrystalline In islands, both solid, for InAs
island formation, we start the process at the same tempera-
ture for comparison. For both types of In islands, instantly
after applying the As flux, the RHEED pattern changes into
one typical for InAs islands. After reaching 400 °C and an-
nealing, the intensity of the diffraction spots increases, indi-
cating complete conversion of In into InAs. Characteristic

chevrons appear in the [011] azimuth whose intensity in-
creases for further heating to 500 °C. This is typical for the
formation of InAs islands which become more and more

elongated in the [011] direction at higher temperature. This
is confirmed by the AFM image shown in Fig. 3(c) of InAs
islands formed from 2 ML In deposited at 80 °C and an-
nealed at 400 °C. The islands are less elongated and, conse-
quently, also higher compared to those annealed at 500 °C.
The RHEED patterns remain unchanged during annealing,
even at 500 °C, demonstrating the formation of stable InAs
islands which do not need to be overgrown at low tempera-
tures, as has been reported in Ref. 6. This results in InAs
QDs with high optical quality, as discussed below.

The AFM images and RHEED studies reveal that the
shape of the InAs islands is independent on the crystalline
state of the In islands. Only their size differs according to
that of the In islands. This indicates that the final shape is
entirely determined during the high temperature annealing
step.

Figure 4(a) shows the low-temperature PL spectra of the
InAs QDs formed from the nanoscale, high-density crystal-
line 2 ML In islands and annealed at 400 and 500 °C. InAs
islands formed from the noncrystalline In islands are not dis-
cussed here as they are too large to be considered as quantum
nanostructures. As expected, the PL efficiency is larger for
the InAs QDs annealed at higher temperature leading to bet-
ter optical quality. Moreover, the annealing temperature of
the InAs QDs has a pronounced influence on the PL spectra.
At higher annealing temperature, the spectrum is blue shifted
and exhibits a double peak structure. The blue shift is in
agreement with the larger elongation and flattening of the
InAs islands annealed at higher temperature. The double
peak structure is not dependent on the excitation power and
the high energy peak vanishes upon increasing the measure-
ment temperature to 100 K. Therefore, the high-energy emis-
sion does not arise from excited state transitions nor from a
bimodal size distribution. It is attributed to emission from the
quasitwo-dimensional, local wetting layer at the apex of the
QDs formed due to the outdiffusion of InAs during annealing
at 500 °C, seen in the AFM images in Fig. 3(a), which is not
observed for the InAs QDs annealed at 400 °C, shown in
Fig. 3(c). With increase of the measurement temperature,
carriers initially localized in this wetting layer are transferred
into the QDs leading to the observed rapid emission intensity
quenching of the high energy line. Moreover, the local wet-
ting layer might increase the carrier capture into the QDs,
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FIG. 4. (a) PL spectra taken at 10 K of the capped InAs QDs formed from
the crystalline 2 ML In islands annealed at 400 °C (black line) and 500 °C
(gray line). (b) MicroPL spectrum of the capped InAs QDs annealed at
400 °C.

contributing to the higher PL efficiency. For the InAs QDs
annealed at 400 °C, sharp peaks with resolution limited line-
width of 0.2 nm from individual QDs can easily be resolved
in microPL, employing a microscope objective (~2 um
spatial resolution) for excitation and detection, shown in Fig.
4(b). This is not possible for the InAs QDs annealed at
500 °C, though the AFM measurements demonstrate a com-
parable QD density. Hence, the annealing at higher tempera-
ture increases the number of defect-free InAs QDs such that
emission from individual QDs cannot be resolved. On the
other hand, sharp emission from individual QDs for the
lower annealing temperature demonstrates that droplet epi-
taxy is a way to obtain InAs QDs with high optical quality.

IV. CONCLUSIONS

In conclusion, growth of crystalline In islands on GaAs
(100) by MBE at low temperatures has been reported. The
islands have a pyramidlike shape with well defined facets
and epitaxial relation with the substrate, determined by
RHEED and AFM. The islands are of nanoscale dimensions
with high density. Above a certain substrate temperature, as-
sociated with the melting point of In, noncrystalline round-
shaped islands form with larger size and lower density. The
formation of the In islands was found to be independent on
the reconstruction of the starting GaAs surface. Upon con-
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version of the In islands into InAs islands under As flux, the
final shape does not depend on the original crystalline state
of the In islands but on the annealing temperature of the InAs
islands. The InAs islands elongate and outdiffuse with in-
creasing annealing temperature forming a quasitwo-
dimensional wetting layer at the apex. This is reflected in the
PL spectra revealing the formation of InAs QDs of high op-
tical quality.
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