Raman scattering of InSb quantum dots grown on InP substrates
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In this paper we present the Raman scattering of self-assembled InSb dots gré@@@i)ooriented

InP substrates. The samples were grown by pulsed molecular beam epitaxy mode. Two types of
samples have been investigated. In one type the InSb dots were capped with 200 monolayers of InP;
in the other type no capping was deposited after the InSb dot formation. We observe two peaks in
the Raman spectra of the uncapped dot, while only one peak is observed in the Raman spectra of the
capped dots. In the case of the uncapped dots the peaks are attributed to LO-like and TO-like
vibration of completely relaxed InSb dots, in agreement with high resolution transmission electron
microscopy photographs. The Raman spectra of the capped dot suggest a different strain state in the
dot due to the capping layer. @997 American Institute of Physids$0021-897@7)02208-]

INTRODUCTION deposition. The InSb was grown at 410 °C as well. When
The growth of strained layers on a substrate can lead yqore than 1.1 MLS of InSb is deposited on InP we observe

the spontaneous formation of clusters. Such spontaneouﬁge transition from a two-dimensional to a three-dimensional

process can be controlled in order to obtain clusters in thgrowth mode by means of reflection high energy electron

nanometer range, therefore zero-dimensional heterostruOl-iﬁraction (RHEED) pattern. The three-dimensional diffrac-
g€, ) R : %on spots become much better defined if, after the deposition

tures can bg fabricated WIthOUt. using technological pro-of InSb, an annealing step at 440 °C for 120 s under Sb-flux

cesses, like lithography and etching. Strong effort has bee\r)vas pe’rformed indicating a much better island formation.

devoted in the last years to study the growth and propertie " .
of these self-assembled quantum dots. These dots have be?ene amount of InSb deposition has been varied between 1

obtained in systems like G, ,As/GaAs, InSb/GaAs and 7 MLS and no material was deposited after the forma-
1-x ’ ]

AISb/GaAs, GaSb/GaAs, InP/GalnP, and InAs/HP De- tion of the dots. Only one part of the samples, that is those

spite the interest in these nano-structures and the importanc%giﬁgh:r;nfvzriep%wao\?vi:]haz E;eﬂavirrli? ZbOe(gwl\ifg gf?:g S
that electron-phonon coupling has on device applications YErs, 9 p-iay

little is known about their phonon properti&8in this article grown at 410 °C. In the samples with the final cap-layer the

we analyse the vibrational properties of InSb dots on InFRHEED pattern gets streaky again after about 40 MLS.

using Raman scattering. InSb exhibits one of the Sma”esl!?ESULTS

band-gap of all 1ll-V semiconductors compounds, while InP

has a substantially higher band gap and therefore this system According with atomic force microscopy results the

is suitable for infrared device applications. Due to the latticedot density in the uncapped samples varies between 1 and
mismatch between the dots and the matrix, strain fields ap4x10'° QDs per cr, depending on the number of InSh
pear. From the Raman measurements information about tHLS grown and exhibiting a maximum at 2.2 MLS. For this
strain state inside the dots can be obtained. Such informatiommount of InSb we obtain also the minimum QD-size, with a
is important to understand and analyse the electronic propebase width of 244 nm and a island height of#63 nm. The

ties of the dotg? error values are standard deviations of both distributions.
The AFM images show InSb islands with a nearly quadratic
EXPERIMENT base in the range between 1.1 and 3.2 MLS. In that range the

maximum dots size obtained corresponds to a deposition of
The samples were grown by molecular beam epitaxyabout 3 MLS and the dots have base width of-64nm and

(MBE) in a pulsed mode, called atomic layer MBE, wherea height of 112 nm. For InSb deposition of more than 3.2
only the group V flux is pulsed. The amount of group llland MLS  the islands become rectangular, forming
group V molecules reaching the surface is controleditu  quantum-dashé$with a length-to width ratio up to 2.5. In
by means of controlling the surface coverage of In-dimers byhis range typical values of the width and height are 40 nm
the reflection difference methdd.A buffer layer of 500 and 10 nm, respectively.
monolayers(MLS) of InP was grown at 410°C 0f001) Several Raman spectra, corresponding to samples with
oriented semi-insulating InP substrates prior to the InSkyarying amounts of InSb monolayers deposited on the InP
substrate, are presented in figure 1. Only the region where
3 Author to whom correspondence is to be sent. Electronic mail:f€atures, related to the InSb deposition, appear is presented.
thomas@imm.enm.csic.es The spectra were obtained at 80 K in the backscattering con-

J. Appl. Phys. 81 (9), 1 May 1997 0021-8979/97/81(9)/6339/4/$10.00 © 1997 American Institute of Physics 6339

Downloaded-11-Jun-2010-t0-161.116.168.169.-Redistribution-subject-to-AlP-license-or-copyright;~see-http://jap.aip.org/jap/copyright.jsp



_ substrates, the strain present in the dots will produce a strong
Z (Xy) V4 increase of the frequencies of the InSb optical mddds.
T T agreement with the small confinement effects expected, the
frequencies of the Raman peaks are very similar from one
sample to the other, despite the different size and shape of
7 ml the dots, but they are nearly identical to the frequencies of
X2 m the LO (193 cm'?) and TO (182 cm}) T' modes of un-
strained InSB? This coincidence strongly suggest that the
Raman peaks are due to LO-Iik&92 cm ) and TO-like
(181 cm'Y) vibrations of relaxed InSb dots. This assignment
is supported by the photograph of figure 2, where a high-
5 ml resolution transmission electron microsco®yRTEM) im-
age of a single quantum dot, corresponding to the sample of
5 monolayers, is presented. The HRTEM image reveals a
regularly spaced array of pure edge dislocations located at
the InSb/InP interface and a good crystalline quality of the
InSb dots. The distances between consecutive dislocations
are those required to relieve the strain for the InSb/InP sys-
tem. Formation of dislocations could also been observed in
7 ml TEM images, not shown here, of the other samples. Selected
area diffraction patterns, figure 3, confirm the high degree of
relaxation of the InSb quantum-dots being clearly observable
. 4 . s . 4 two different diffraction patterns, attributed to the InP bulk
160 170 180 190 200 210 220 and the InSb QDs. The lattice difference in real space corre-
. 1 sponds to almost completely relaxed InSb and InP.
Raman Shift (Cm ) As can be observed in the photograph of figure 2 the
dots have the shape of truncated pyramids. The angle of the
FLG-hl-InF;am?? Spe;:tfa Cr:‘ Sdamﬁ;les Wi;h ti, 5,nandt7lg'\gLS ngLIF;SéJtdiEOSiteride walls depends on the direction. Whereas along1th@
. Twi | H H H
EOEIiIfe anzuthaecitheroat fo ;:1'3 :ft?ibhtez c;oet:e TO-‘;ke \l/Jiberatizn gf dl—reCtlo.n th.e side walls we obserVeL1-type planes, for the
relaxed InSb. [110] direction, there are also presgfil3-type planes. The
scattering by TO modes is not allowed in the back scattering
geometry from th€002) surfaces, but it is allowed fqi11)
figuration using the 514.5 nm line of an Alaser. Similar and (113 surfaces® Due to the difference between the re-

spectra are obtained in tlzéxy) z andz(xx) z configuration ~ fractive index of InSb and the surrounding uppermost me-
being{x,y,z}{[100],[010],[001]}. The spectra are norma- dium a nearly backscattering condition is obtained for the
lised with respect to the InP LO Raman peak. As can bdight impinging the side wall planes. Therefore, we suggest
observed two peaks appear in the Raman spectra located 8t TO modes are observed due to the difference in the
192 cmi! and 181 cm?, respectively. The intensities of refractive index and due to the existence of 1108 planes
these new peaks increase as we increase the amount of In#bthe side walls of the dots. We also suggest that the obser-
deposit on the InP surface, although it does not only depenyation of similar spectra in the(xx) z andz(xy) z con-
on the amount of InSh, but also on the growth conditions. Irfigurations is also due to the same effect. In the side wall
particular, the thermal annealing done to favour the dot forPlanes thez(xx) z (paralle), or z(xy) z (orthogonal geom-
mation helps the observation of those peaks. No InSb relategfries of the(001) surfaces are transformed into a combina-
signal was detected in samples having an amount of InSHon of parallel and orthogonal geometries of the side wall
lower than 2 MLS. In particular, no signal was detected inplanes and no clear selection rules can be obtained. Those
samples where the InSb deposition was lower than 1.1 MLSsuUggestions are also supported by figure 4, where we present
which is the onset of dots formation. Therefore, the peaksthe Raman spectra of two samples, grown under similar con-
observed in the Raman spectra, are attributed to the InS#tions and having similar amounts of InSb, but only one has
dots. a cap-layer of 200 MLS of InP. According to TEM measure-
ment both samples have dots with similar morphology, but
despite of this similarity the Raman spectra are quite differ-
ent. The sample with the caplayer has a peak at a frequency
The phonon optical branches of InP and InSb do nothigher than the peaks of the uncapped sample. Such a peak is
overlap and confinement effects may appear on the phonommly observed in the(xy) z configuration. We attribute this
of the InSb dots. Confinement produces a decrease in theand to scattering by LO-like phonons of the InSb dots. The
frequencies of the modes but, due to the size of the dotshift of this band to higher frequencies with respect of the
such effect is not expected to be importshOn the other LO peak of the uncapped dots is due to the strain present in
hand the lattice mismatch between InP and InSb is very higlthe buried dots. It has been shown that for coherently grown
(~10% and, if the dots are grown coherently on the InPself-assembled quantum dots the strain state inside the dot
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FIG. 2. High-resolution cross-sectional image of an uncapped dot &l direction. The stars shown the proximity of a dislocation. Note the lateral
facetting with{111}-type planes and thg01) plane of the top surface.

depends on the cap layer thicknéésn the capped dots the InSb 5 ml
strain in the dots has hydrostatic and biaxial components. oo T e
The presented dots are not coherently grown and the strain in Z(x )E
the buried dots should be more hydrostatic than biaxial, con- 24

) uncapped
trary to what has been observed in coherently grown 0 K

Intensity (arb. units)

160 170 180 190 200 210 220

Raman Shift (cm™)

FIG. 4. Raman spectra of samples with and without a cap layer of InP. The
FIG. 3. Diffraction of a region which has various dots and the substrate TO-like mode disappears for the uncapped samples while the LO-like mode
Observe the splitting of the spots due to the strain relaxation of the dots. is blue-shifted due to the higher strain in capped QDs.
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systems. Our dots should be more similar to Cd§Se ACKNOWLEDGMENTS
nanocrystals embedded in glass. In this system a blue-shift of . .
the phonon frequencies of the nanocrystals has also beenAggS ovg\glggk haj k:tlseang&ported by ClCJT unc:er pkrog:t
observed and attributed to a compressive strain imposed h034 9' an € program under networ
nanocrystals by the host medidfhlf we assume that the '
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