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Abstract In this work, we present results on the forma-
tion of vertical molecule structures formed by two verti-
cally aligned InAs quantum dots (QD) in which a
deliberate control of energy emission is achieved. The
emission energy of the first layer of QD forming the
molecule can be tuned by the deposition of controlled
amounts of InAs at a nanohole template formed by GaAs
droplet epitaxy. The QD of the second layer are formed
directly on top of the buried ones by a strain-driven pro-
cess. In this way, either symmetric or asymmetric vertically
coupled structures can be obtained. As a characteristic
when using a droplet epitaxy patterning process, the den-
sity of quantum dot molecules finally obtained is low
enough (2 x 10® cm™2) to permit their integration as active
elements in advanced photonic devices where spectro-
scopic studies at the single nanostructure level are required.
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The simplest interacting quantum dot (QD) system is a QD
molecule (QDM) composed of two closely spaced QD
[1-3]]. QDM are receiving much attention both as play-
ground for studying coupling and energy transfer processes
between “artificial atoms” and as new systems, which
substantially extend the range of possible applications of
QD [4]. In such systems, the coupling involves tunneling of
electrons and holes between two adjacent dots separated by
a thin intermediate barrier layer. In particular, it has been
observed [5] that for a 4-nm-thick intermediate tunneling
layer, the coupling strength is optimized for the spectro-
scopic observation of large electron anti-crossing energy
splitting [5]. It is, however, technologically challenging to
obtain resonant quantum—mechanical coupling due to size,
composition, and strain inhomogeneities inherent in self-
assembled QD. In this sense, great efforts have been
dedicated to the formation of vertical coupled QD by
self-assembling processes [6]. The most used fabrication
process leading to vertically aligned QD is based on the
formation of one layer of self-assembled QD, followed by
a thin spacer layer. Then, upon further InAs deposition, a
second layer of QD is formed, on top of the buried QD, by
strain-driven processes. By this growth procedure, tuning
of the emission energy of one of the QD at the same time
that is maintained unaltered the emission properties of the
other, although not impossible, is difficult to achieve due to
the lack of control in size for self-assembled QD. The
tuning effect of the emission energy of one of the QD
forming the molecule respect to the other would permit to
build symmetric vertical QDM, in which the energy
emission of both QD forming the molecule matches, and
asymmetric vertical QDM, in which the energy emission of
one QD is blue-shifted or red-shifted respect to the other
[5-7]. Apart from this lack of control in size of the QD
forming the QDM by a self-assembling process, there is an
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intrinsic inter-dependent nature between the QD size and
density that makes difficult the design of QD of a desired
size and with a low enough density for its spectroscopic
study at the single nanostructure level [8-10].

In this sense, here, we present a process that optimizes
the growth of coupled structures in vertical arrangement by
the use of a low-density nanoholes template fabricated by
droplet epitaxy [11]. In particular, after the deposition of
the designed amount of InAs on the template that permits
the formation of a first layer of size controlled nanostruc-
tures [12], a thin GaAs layer is grown to create a carrier
tunneling barrier that separates a second layer of InAs
nanostructures formed, via a strain-driven process, on top
of the first ones.

Thus, the growth procedure starts with the filling of
previously formed nanoholes with InAs material. As
detailed in [9], the nanoholes appear with a density of
2 x 10* cm ™, and they are 4.4 + 0.8 nm in depth with a
mean diameter of 43 £+ 3 nm at their half maximum. On
this pattern, three samples with different amount of InAs,
1.2, 1.4 and 1.5 monolayers (ML), have been grown at a
substrate temperature of 500°C, growth rate r, (InAs) =
0.01 Ml/s, and As, beam equivalent pressure BEPAs, =
5-10~ Torr.

Once formed the first layer of QD (QD; hereinafter), a
GaAs intermediate barrier with a thickness of 4 nm is
subsequently grown to guarantee a large tunneling effect
[5]. The growth of this layer is performed by atomic layer
molecular beam epitaxy (ALMBE) growth technique
[13] at a substrate temperature Ty = 450°C, growth rate
rgGaAs = 0.5 ML/s, and beam equivalent pressure
BEPAs, = 2 x 107° Torr. At this moment, for completing
the molecule structure, a second layer of QD (QD, here-
inafter), located above the QD,, is grown by the deposition
of 0.9 ML of InAs at the same conditions used for the
underlying nanostructures.

With the aim of studying the optical emission of the
resulting QD molecule structures, a 155-nm-thick GaAs
layer is finally grown. A schematic diagram of these
samples is shown in Fig. 1.

Transmission electron microscopy images have been
obtained to know the structural configuration of the
resulting molecules. Figure 2a and b shows 002 dark field
(cross-sections) transmission electron microscopy (TEM)
images for the samples with 1.4 and 1.2 ML of InAs
deposited into the nanoholes forming the QD,; layer.
Contrast in this image is due to changes in composition,
dark areas indicating the presence of In in In(Ga)As layers.
It can be observed the formation of the double structure
that consists of two InAs QD separated by the 4-nm-thick
GaAs barrier layer. Their respective wetting layers (WLs)
are also clearly observed. It is noticeable that as a differ-
ence to the strain-driven formation of QD,, or in general, in
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Fig. 1 Schematic diagram of the samples grown for obtaining
vertical QD molecule structures. The first layer of nanostructures
(QDy), is formed after depositing 1.2, 1.4, and 1.5 ML of InAs into
GaAs nanoholes previously formed by droplet epitaxy. After the
growth of 4-nm-thick GaAs barrier layer, a second layer of
nanostructures (QD;) is formed on top of QD; by a stress induced
growth process when 0.9 ML of InAs is deposited

a self-assembling process, QD forms at a lower level than
the WL, clearly indicating a formation mechanism that
involves preferential nucleation of InAs material into pre-
viously fabricated GaAs nanoholes by droplet epitaxy [12].

In the case of depositing 1.4 ML of InAs (Fig. 2a), QD,
clearly presents a larger size than QD, nucleated on top of
it. On the other hand, when 1.2 ML of InAs are deposited
(Fig. 2b), QD is more similar in size to QD,. According to
these results, the aimed tuning effect on the size of QD; by
the use of nanoholes has been successfully obtained. On the
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Fig. 2 a 002 dark field (cross-section) transmission electron micros-
copy (TEM) images of two vertically aligned QD formed after
depositingl.4 ML of InAs into a GaAs nanohole (QD;), the growth of
4-nm-thick GaAs barrier acting as tunneling layer and a final
deposition of 0.9 ML of InAs (QD,). We observe that in this case,
QD is larger in size than QD,. b TEM image of the formed structure
when 1.2 ML of InAs is deposited to form the QD; nanostructures. In
this case, it can be observed that QD; is now quite similar in size to
QD>
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other hand, despite this engineered change in size of QDy,
the nucleation of QD, takes place on top of the buried QD;
with same density of QD; layer and similar dimensions in
all cases. These results show that the size of the strain
driven formed QD, is controlled by the amount of InAs
deposited. Moreover, the strain gradient at the surface is
large enough to promote preferential nucleation of InAs
just on top of the buried QD,;, even for InAs deposited
thickness of 0.9 ML, which is much lower than the critical
thickness for QD formation in absence of local strain fields
[14].

Concerning the optical properties of these paired nano-
structures, Fig. 3 shows the PL signal for the three different
cases. In particular, the black, red, and blue lines in the
figure correspond to QD pair structures obtained by
depositing 1.2, 1.4, and 1.5 ML of InAs for the formation
of QD layer, respectively. The presence of two main peaks
can be observed in all the cases. The evolution of these two
PL peaks with increasing excitation power (not shown)
reveals that they correspond to two different QD families,
as they do not show any relative saturation effects corre-
sponding to one QD family with ground and excited states.
Combining these optical emission results with those
obtained by TEM structural analysis, it can be established a
direct correspondence of the different emission energies to
the recombination of carriers at the upper and lower QD
layers of the molecule structure. Figure 4a shows as filled
areas the three different PL emissions that would corre-
spond to the QD; family for the three different QD paired
structures. As expected from previous results [12], the
effect of the different amount of InAs deposited in the first
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Fig. 3 Photoluminescence spectra of the three different vertical QD
pairs studied in this work. Black, red, and blue lines correspond to
samples in which the QD; nanostructure layer is formed by depositing
1.2, 1.4, and 1.5 MLof InAs, respectively. The arrows in the figure
point out the two families of QD formed in each sample

layer of nanostructures permits the emission energy of the
QD; to be tuned in a wide range.

Table 1 lists the different values of the emission ener-
gies ascribed to QD; and QD, in the molecule structures.
The arrow highlights the increase in PL emission peak
energy of QD; with InAs deposited.
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Fig. 4 Photoluminescence emission (filled areas) ascribed to QD (a)
and QD; (b) nanostructures for 1.2, 1.4, and 1.5 ML of InAs deposited
to form the QD layer. It can be clearly shown in (a) a tuning effect on
the emission energy of QD;. On the other hand, (b) shows that the
emission corresponding to QD, layer remains almost unaltered
despite the difference in size in QD;

Table 1 PL emission peak energies ascribed to QD; and QD, layers

InAs (ML) QD; InAs (ML) QD, Peak energy (eV)

QD QD;
1.2 0.9 1.286 1.272
1.4 0.9 \l/ 1.243 1.272
1.5 0.9 1.230 1.260

The QD; layer emission energy decreases as a function of the amount
of InAs deposited. An arrow in the table accounts for this tuning
effect. On the other hand, the emission energy of the second layer of
nanostructures (QD,) remains almost constant for the three different
structures
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In a similar way, Fig. 4b shows the emission of the
remaining three PL peaks that would correspond to the
QD, family in the QD paired structures. It can be observed
that the emission energies are similar in all the cases
showing that the size of the nanostructures formed in the
QD, layer remains almost invariable despite the different
amount of InAs deposited underneath (see PL energy val-
ues in Table 1).

More experimental work is needed to demonstrate if
these paired QD structures show electronic coupling as
corresponding to QD molecules.

Altogether, these results show that by varying the
amount of InAs material deposited at a nanoholes template
formed by droplet epitaxy, the emission of a first layer of
QD can be tuned to obtain either a symmetric or an
asymmetric vertically coupled QDM. As a characteristic
when using a droplet epitaxy patterning process, the den-
sity of QD molecules obtained is low enough (2 x 10®
cm ) to permit their integration as active elements in
advanced photonic devices where spectroscopic studies at
the single nanostructure level are mandatory.

Acknowledgments The authors wish to acknowledge to Spanish
MICINN  through projects Consolider-Ingenio 2010 QOIT
(CSD2006-0019) and IMAGINE (CSD2009-00013), NANINPHO-
QD (TEC2008-06756-C03-01/03 and 02), the Junta de Andalucia
(PAI research group TEP-120 and project PO8-TEP-03516) and CAM
2010 Q&CLight (S2009ESP-1503).

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

@ Springer

References

1. S. Kiravittaya, A. Rastelli, O.G. Schmidt, Rep. Prog. Phys. 72,
046502 (2009)

2. L. Wang, A. Rastelli, S. Kiravittaya, M. Benyoucef, O.G.
Schmidt, Adv. Mater. 21, 1 (2009)

3. P. Alonso-Gonzalez, J. Martin-Sanchez, Y. Gonzalez, B. Alén,
D. Fuster, L. Gonzilez, Cryst. Growth Des. 9, 5-2525 (2009)

4. P. Borri, W. Langbein, U. Woggon, M. Schwab, M. Bayer,
S. Fafard, Z. Wasilewski, P. Hawrylak, Phys. Rev. Lett. 91,
267401 (2003)

5. H.J. Krenner, M. Sabathil, E.C. Clark, A. Kress, D. Schuh,
M. Bichler, G. Abstreiter, J.J. Finley, Phys. Rev. Lett. 94, 057402
(2005)

6. E.A. Stinaff, M. Scheibner, A.S. Bracker, 1.V. Ponomarev, V.L.
Korenev, M.E. Ware, M.F. Doty, T.L. Reinecke, D. Gammon,
Science 311, 636 (2006)

7. G.G. Tarasov, Z.Y. Zhuchenko, M.P. Lisitsa, Y.I. Mazur,
Zh.M. Wang, G.J. Salamo, T. Warming, D. Bimberg, H. Kissel,
Semiconductors 40, 79 (2006)

8. Z.R. Wasilewski, S. Fafard, J.P. McCaffrey, J. Cryst. Growth
201, 1131 (1999)

9. P. Alonso-Gonzalez, B. Alén, D. Fuster, Y. Gonzalez, L. Gon-
zalez, J. Martinez-Pastor, Appl. Phys. Lett. 91, 163104 (2007)

10. P. Alonso-Gonzalez, L. Gonzalez, D. Fuster, J. Martin-Sanchez,
Y. Gonzalez, Nanoscale Res. Lett. 4, 873 (2009)

11. Zh.M. Wang, B.L. Liang, K.A. Sablon, G.J. Salamo, Appl. Phys.
Lett. 90, 113120 (2007)

12. P. Alonso-Gonzalez, D. Fuster, L. Gonzalez, J. Martin-Sanchez,
Y. Gonzalez, Appl. Phys. Lett. 93, 183106 (2008)

13. F. Briones, L. Gonzalez, A. Ruiz, Appl. Phys. A 49, 729 (1989)

14. D. Fuster, M.U. Gonzélez, L. Gonzalez, Y. Gonzalez, T. Ben,
A. Ponce, S.I. Molina, Appl Phys. Lett. 84, 4723 (2004)



	Growth of Low-Density Vertical Quantum Dot Molecules with Control in Energy Emission
	Abstract
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


