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Abgtract : Sace ordered 1. 31 m sdlf-assembled InAs QDs are grown on GaAs(100) vicinal substrates by MOCVD.
Photol uminescence measurements show that the dots on vicina substrates have a much higher PL intensity and a
narrower FWHM than those of dotson exact substrates,which indicates better material quality. To obtain 1L 3 m e
missons of InAs QDs,the role of the so called InGaAs strain cap layer (SCL) and the strain buffer layer (SBL) in

the strain relaxation processin quantum dotsis studied. While the use of SBL resultsonly in a small change of emis

son wavelength ,SCL can extend the QD’ s emisson over 1L 31 m due to the effective strain reducing effect of SCL .
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1 Introduction

Self-assembled InAg GaAs quantum dots
(QDs) are intensively studied due to their 8-like
density of states’ ° . Laser structures containing
QDs as active material are expected to have high
differential gain,low threshold current ,and high

("1 'which would make it

characteristic temperature
possble that the InP based devices will be replaced
by the less expensve GaA s based devices. For opti-
cal fiber communication,the pursuit of 1L 31 m or
1 3 m QD lasersisof great importance. However ,
emisson wavelength from self-assembled InAs
QDsis typically 1L @ m. A widely used method to
extend the InAg GaAs QDs to 1 31 m and beyond

isto usethe strain reducing layer to place the InAs
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dotsin or below an InGaAs matrix'®'. To fully uti-
lize their superior electronic and optical properties,
gpatial ordering of QDsis desred. A certain degree
of lateral ordering of InAs QDs can be achieved by
usng GaAs (100) misoriented substrates® . A few
works about the optical properties of QDs on mi-
oriented substrates have been reported. It was
shown that the misorientation of the substrates led
to a decrease of the FWHM of photol uminescence
(PL) lines and a blue shift of the emisson wave-
length!®’.

In this pgper, INAs QDs were grown on GaAs
(100) vidna substrates by MOCVD. ace ordered
QDsin lines were obtained with good PL properties.
To obtainal 31 mwaveength emisson ,the role of the
matrix in the strain relaxation processin quantum dots
was studied. The InGaA s layer was put above or below
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the dot as a sran cap layer (SCL) or a sran buffer
layer (BL) ,repectively. Our PL results show that
the SCL is more dfective in shifting the emisson peak
of quantum dot than SBL.

2 Experiment

All the QD samples were grown via a horizon-
tal low-pressure MOCVD reactor (AIXTRON-
200) at atotal pressure of 600Pa,with Pd-diff used
H. as carrier gas. Trimethylgalium (TM Ga) ,trim-
ethylindium (TMIn) ,arsine (AsHs) were used as
ource materials. As shown in Fig. 1,two sets of
samples were prepared ,including InAs QDs put a
bove an InGaAs BL and below an InGaAs SCL
with different In compostion. After the growth of
the 200nm GaAs buffer layer on (100) 2° off (110)
S-doped GaAs substrate, either InAs QD or In-
GaA s BL was deposted first [followed by the dep-
odtion of InGaAs SCL or InAs QD layer for the
two kinds of samples, respectively. Finally, the
samples were covered with 50nm GaAs. The
growth temperatures were 600 for the GaAs
buffer ,and 507 for the InAs QDs and SCL/ SBL
and GaAs cap layer. The / ratio are 25 for
GaAs and 5for InAs QDs growth and InGaAs SBL
(SCL) growth. We use the growth rate of 0. 034ML/
s and total thicknessof 1. 7ML during InAs growth. In
order to examine the quantum dot emisdon peak shift
with regpect to the InGaAs matrix ,the InxGa- « AS
SCL and BL were grown with the In compodtion var-
yingfrom x=0to x=0 25. For AFM and SEM meas
urements ,the samples were cooled down rapidly ater
the formation of QDs.

GaAs cap 50nm GaAs cap 50nm
InGaAs SCL 5nm W
A A AAAA
GaAs buffer 200nm GaAs buffer 200nm
GaAs substrate GaAs substrate

(a) (b)

Fig.1 Schematic of InAs QD structures with SCL (a)
and BL (b)

The SEM measurements were performed usi ng
a XL 30- FEG microscope at 20kV . A nanoscope di-
mension 3100 SPM system with a tapping mode in
air was used for AFM measurements. The PL
measurements were carried out in closed-cycle He
cryostat under the excitation of 514 5nm line of
Ar* laser focused onto a 0. 5mm’ spot. The lumi-
nescence spectra were detected with a Fourier
trandorm infrared spectrometer operating with an
InGaA s photodetector.

3 Resultsand discussion

Figures 2 (a) and (b) show the SEM image
and the corresponding lateral sze histogram of the
InAs QDs formed on GaAs substrates without a
cap layer respectively. As can be seen,QDs were
formed in lines and exhibited a clear bimodal sze
distribution with two groups of large or small
dots. The dendty of the large and small QDs is
0. 91 x10°cm ? and 4 05 x 10™°cm”? ,respectively.
In contrast ,the SEM image shownin Fig.2(c) and
the corresponding lateral sze histogram in Fig. 2
(d) reveal that InAs QDs on exact GaAs (100)
substrates prepared in the same growth run had
only one dominant sze and were randomly formed
with a density of 1 21 x 10°cm™? ,which is much
smaller than that of the dotson vicinal substrates.
The formation of dotsinlinesis dueto QDsprefer-
ably nucleate along the multiatomic step edges on
the vicinal substrate’™® ,as shown clearly in the
AFM imagein theinset of Fig.2(a).According to
the research work of Leon et al.'™® | surfaces with
multiatomic steps enable the formation of smaller
critical nuclei for stable idand growth ,snce nucle-
ation on steps is energetically favorable. The
effects of smaller critical nuclei for stable nucleus
formation result in smaller average diameters and
higher idand densities when step nucleation (het-
erogeneous nucleation) is predominant , which is
the case when the adatom diffusion lengths are lar-
ger than the step spacing. In thermal dynamic equi-
librium ,only the larger QDs are expected due to
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their lower total energy conssting of strain, sur-
face ,and boundary energy. The bimodal sze distri-
bution of QDson the vicinal surface can be related
to the reduced surface diffuson during MOCVD
growth. The small QDs formed on step edges are
not in thermal equilibrium and will subsequently
develop into the energetically favorable large QDs.

However ,on the vicina substrates, migration of
adatoms on the surface is prohibited due to the en-
ergy barrier formed at the step kinks™ , which
dows down the trandormation of the small QDs
into the energetically favorable large dots,and in
such cases a bimodal size distribution appears.
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Fig.2 SEM images (a) and the corresponding size histograms (b) of QDson vicind GaAs(100) substrates
The SEM image and the corresponding size histograms of surface QDs on exact substratesis shown in (c) and
(d). Inset of (@) :a 300nm x 250nm AFM image showing the dots formed on step edges. Inset of (b) and (d)
show the 77K PL spectra of surface dotson vicinal substrates and exact substrates,respectively.

The 77K PL spectrum of surface QDs on vici-
nal substratesis shown in the inset of Fig.2(b) ,
which can be decomposed into two peaks with
Gaussan shape. Snce the PL spectra show no exci-
tation power dependence ,the two peaks are attrib-
uted to the large and small groups of dots,respec
tively. This indicates that most of the two groups
of dots are coherently strained,though there are
someirregular shaped large dots which may be dis
located ,as shown in Fig.2(a). The inset of Fig.2
(d) showsthe 77K PL spectrum of surface QDson
exact substrates. As can be seen,the gpectrum can
be decomposed into at least four peaks with Gauss-

ian shape. While the peak at about 0. 961 m can be
attributed to the emisson of the wetting layer ,the
other three are attributed to groups of dots with
different szes,reflecting the wide size distribution
of dotson exact substrates.

Figure 3 shows the room temperature PL
spectraof InAs QDswith InGaAs SCL of different
In compostions. Different from the PL spectra of
surface dots which exhibit a multi-peak feature,
those of the capped QDs show only one dominant
emisson peak. We attribute this change of PL
spectra to the strain-enhanced In/ Ga interdiffuson
of dots during the overgrowth of the GaAscap lay-
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Fg.3 PL sectraof InAs QDs with InGaAs SCL of

different In compositions (a) Dots on vicinal sub-

strates; (b) Dotson exact substrates All the data are
normalized to the PL intensity of dots on vicina sub-
strate with Ino.2s Gao..sAs SCL.

er. Thereisresdua strainin and around the dots.
Compared to the small dots,the large dots have
larger strains® and therefore they obtain a stron-
ger interdiffuson of In/ Ga atoms during GaAs o-
vergrowth. A decrease of dot sze difference be
tween the two groups of dots during the cap layer
growth is then expected, with the two emission
peaks merging into one. The PL results are sunr
marized in Table 1. As can be seen ,compared with
dots grown on exact substrates, dots on vicina
substrates have narrower FWHM ,which is amilar
to the report in Ref. [9]. What is different from the
resultsin Ref. [9] ,however ,is that dotson vicinal
substrates also have a much larger PL intensty,
which indicates better material quality and isfavor-
able for device use. This can also be attributed to
the presence of stepson the substrates. The energy
barrier at the steps reduces the reservoir of atoms
available for dot growth ,thus reducing the dot’ s

posshility of growing so large that didocation
forms. The strong binding effect of step edgesleads
to the sze saturation of the dots,resultingin a nar-
rower sze distribution relative to dots on exact
substrates. This is evident in our SEM measure-
ments. The lateral sze disperson is 13 % for dots
on vicinal substrates,smaller than that of dots on
exact substrates, which is 25%. As reported in
Ref. [12] ,the presence of very large dots contai-
ning didocations can influence the PL emisson in-
tensity due to the nonradiative recombinationin the
vicinity of these defects. As can be seen from
Fig.2,the number of the very large irregular
shaped dotson exact substratesis much larger than
that of the dots on vicinal substrates, making the
PL intensity of the dots on exact substrates much
lower.

Table 1 Dependence of PL intensity and FWHM on
the substrates and cap layer used

Parameter GaAs  [Ino.15 Gao.ssAs| Ino.2s Gao. 7sAS
Intensity Exact 0.1359 0.1898 0.2974
[a.u. Vicina 0.259 0.8518 1
FWHM Exact 123 82 81
/nm Vicinal 59 46 63

As shown in Fig. 3 ,for dots on both the two
kinds of substrates,the PL peaks are shifted to-
ward longer wavelengths by increasng the In com-
postion of InyGa:- xA SCL. Taking dots on vicina
substrates as an example ,the emisson wavelength
isl 2461 m when the QDs are directly capped with
GaAs and increases to 1 321 m when capped by
Ino.1s Gao.ssA's SCL . Further increase is observed to
be 1 368 m as Ino.2s Gao.7s As SCL is used. In the
figures,with the increasng of Inin the SCL ,the
PL intendty became stronger. Compared to
Ref.[5] ,our data show that we can get long emis
son wavelengths while maintaining good material
quality within a wider range of In compostion in
InGaAs. The extenson of emisson wavelengthsfor
QDs is believed to be dominated by the compres
sve hydrostatic strain®®. The relaxation of com-
pressve strainin InAs QDsincreases as more Inis
added into the InGaAs SCL. Theincrease of PL in-
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tendty indicates that the relaxation of compressve
strainin InAs QDsis dominant and no disdocation
isformed within the range of our In compostion.
In contrast to the conditions of SCL ,with the
increase of In composition of the INnGaAs SBL ,only
a small change of QD’ s emisson wavelength was
observed ,as shown in Fig. 4(a). With Ino.1s Gao.ss-
As BL ,QD’ s PL peak isonly about 10nm longer
than that of dots grown directly on GaAs. Our re-
sults show that the InGaAsis more efectivein ma
nipulating the emisson wavelength as it is placed
above the QD layer. This can be first attributed to
the larger contact area between the QDs and the
SCL compared to the case of having the SBL be-
neath the dots. Thus the SCL is more effective in
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Fig.4 (a) PL spectra of InAs QDs on vicinal sub-
strates with InGaAs BL of different In compostions;
(b) Dependence of PL intensity and peak position on
different In compostions (filled symbol for dots with
BL ,open symbolsfor dots with SCL)

reducing the strain in the InAs QDs. Secondly ,as

| [13]

reported by Liu et a ,though the densty of
dots increases with the increase of In compostion

in INnGaAs BL ,the height of the dots decreases,

which will blueshift the emisson wavelength. Con-
trary to the PL results of dots with SCL shown &
bove ,the PL intensties of QDs with SBL decrease
quickly with theincrease of In compostionin SBL ,
as shown in Fig. 4(b). This further indicates the
more effective strain reducing effect of SCL than
that of SBL. With the increase of Inin BL ,the
rapid buildup of strain in the QD system leads to
the fast increase of the nonradiative recombination
centers ,which resultsin the decrease of PL intens-

ty.

4 Conclusion

1 3 m self-assembled InAs QDs with space
ordering were grown on GaAs(100) vicinal sub-
strates. It is shown that they have a better material
quality than that of dots on exact substrates. The
role of the InGaAs strain cap layer and the strain
buffer layer in the strain relaxation process in
quantum dots was studied. While SCL can extend
the QD’ s emisson effectively over L 31 m,the use
of SBL resulted in only a small change of emisson
wavelength with a rapid decrease of material quali-

ty.
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