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Spatial ordering in InP /InGaP nanostructures
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We report the observation of a spatially-ordered bidimensional array of self-assembled InP quantum
dots grown on slightly In-rich InGaP layers. The alignment of InP dots is observed [d6apband

[010] directions. This effect is enhanced when 2° off vicinal substrates are used; it is also strongly
dependent on growth temperature. Our results suggest that the density and size of CuPt-type
atomically ordered regions as well as compositional modulation of InGaP layers play an important
role on the spatial alignment of InP/InGaP quantum dots2@3 American Institute of Physics.

[DOI: 10.1063/1.1572553

In multilayers of self-assembled quantum dots, both thelayers(MLs) of InP were deposited at 540 °C and 0.2 ML/s.
oretical and experimental works have shown that the Surface morphology was investigated by atomic force mi-
vertical-strain-field transmission can lead to gradual im-croscopy(AFM), operating in noncontact mode with conical
provement in size homogeneity and lateral ordering. This isilicon tips. Fourier transforniFT) of the AFM images was
the case of stacking in IV=VI materials, for which the elasticused to characterize the lateral ordering of InP dots. The
anisotropy may originate a highly ordered three-dimensionalattice mismatch fa/a) of InGaP layers was obtained from
(3D) array of dots*®> However, for SiGe/Si or IlI-V dot (004 rocking curves using double-crystal x-ray diffractom-
superlattices, the aligment is mainly along the growth direcetry (XRD). During the growth process the reflection high-
tion, and the lateral ordering is much less pronourfcédn energy electron diffractiofRHEED) pattern was monitored;
approaches for a single layer of d6ts! some researchers the InGaP surface shows a X2) reconstruction for all
have used a thin, tensile-strained interldJeor the strain  samples. The 77-K photoluminescer(@.) peak energy of
field of misfit dislocation®**to promote lateral ordering of the InGaP layer, excited with the 514.5-nm line of antAr
lI-V semiconductor quantum dots. Both techniques carlaser, was used to determine the degree of CuPt ordering in

provide a surface with gridded trenches where the islandiiese samples. Cross-section transmission electron micros-
nucleate preferentially. copy (XTEM) and transmission electron diffractiqif ED)

In this letter, we report the spontaneous formation of dmages were obtained using a JEM 3010 URP 300-kV TEM.
bidimensional array of self-organized InP/InGaP dots forTED images were used as complementary tool to observe
slightly In-rich InGaP layers. Our results show that the strainCUPt ordering in InGaP layers.
in the InGaP layer is a necessary, but not sufficient, condition ~ Table | presents the growth conditions and InGaP layer
to spatial dot alignment tendency. The formation of prefer-properties for each sample. For this set of samples, partially
ential sites for 3D island nucleation is related to the densitprdered InGaP layers are grown. InGaP layers grown on
and size of CuPt-type atomically ordered regions and/of001 GaAs usually show the Cupordering, which consists
compositional modulation, both observed in the InGaP buffe®f_alternating In-rich and Ga-rich planes alopgl1] and
layer of our samples. Spatial ordering of InP dots depends okl 11] directions:**> The degree of CuBtordering in
the size compatibility between dot radius and preferentialattice-matched InGaP films was characterized using the
surface regions for dot nucleation; this can be tuned byquation® 7=(PL°—PL.,)/0.471, where the PL peak of
choosing the correct growth parameters. completely disordered InGaP alloys was assumed to e PL

The Samp|es were grown by chemical-beam epitaxy omr 1.992 eV. This value agrees with preViOUS work of
semi-insulating(001) GaAs substrates. Both nominally ori-
ented and misoriented (2° off toyvardﬂ;l.]}A., A_Surfac.e rms roughness calculated from2mx2-um AFM scans and PL peak en-
herea_‘ﬂe) Su_bStrateS were u_sed. Trimethylindium and tIflem'ergy for InGaP layers grown on nominal substrates. V/II ratio variation was
ylgallium, with H, as a carrier gas, were used as group-Illobtained by changing the BHIux only; all InGaP layers shown here are
sources. Thermally cracked AgHand PH were used as 450 nm thick. Run-to-run fluctuations in the InGaP composition provided
group-V sources. The substrate native oxide was removed gjismatch variations smaller than0.05%.
heating the sample at 600 °C under Asblerpressure. For Vil RMS PL peak
all samples presented here, a 300-nm GaAs buffer layer atsample T (°C) ratio Aala(%) (nm) (eV)

550 °C and growth rate of 0.72m/h, followed by a InGaP

TABLE I. Growth temperatureT), V/III ratio, strained mismatchAa/a),

) . 1 540 17 <0.01 0.905 1.948

layer (thickness ranging from 10 nm to 450 hiat a rate of 2 540 17 0.40 0.295 1931
0.95 um/h were grown. The growth temperatures for the 3 550 17 <0.05 0.363 1.967
InGaP layer were 540 and 550 °C. Subsequently, four mono- 4 550 17 0.60 0.165 1.929
5 550 32 <0.01 0.585 1.958

6 550 32 0.66 0.334 1.913
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FIG. 1. AFM images showing the spatial distribution of InP/InGaP dots forlcma’[Ion free. Therefqre’ a likely eXplan?‘t'on for the S.paj[Ial
() sample 1 grown on nominal substrate, sample 4 growgbpmominal  INP dot arrangement is a lateral modulation of the strain field
and(c) A-surface GaAs substrates. The dots in sample 1 were grown on @ssociated to the slightly mismatched InGaP layer. From Fig.

lattice-matched InGaP layer, while for sample 4 the InGaP was 0.60% _mi52f we can see that this strain-field modulation can be obtained
matched to the GaAs. The gray scale in the images means the projection ﬁo f h diti

the local surface normal onto the growth plane. Darker regions correspon ra narr_ow range 0_ growth conditions. )

to steeper facets. AFM images in Fig. 3 show morphologies of InGaP lay-

ers grown simultaneously on nomingFig. 3(@] and

DeLonget al® The less atomically ordered sample studiegA-Surface [Fig. 3b)] GaAs substrates. In this case, the
in our case, which still shows extrél/2,1/2,1/2 spots growth parameters were similar to those for sample 4, where
in TED pattern, presents a PL peakl.967 eV. In this way the dots are spatially well organized. The InGaP layer grown
the ordered phase volume corresponds to 20—-30% of th@" the nominal substrate shows a smooth surface typical for
grown material for the growth conditions used here. On thé"GaP growth, where faint alignment of the terraces but no
other hand, dark-field measuremenj&(Z?O) of the InGap  trenches can be observed. The height profile of the dashed
buffer layers show periodic dark/bright contrast that!in€ indicates that only steps up to 0.6 nm form on the sur-
have usually been attributed in literature to compositionaf@ce- Figure &), however, shows a more striking surface

modulationé-19 structure. A bidimensional surface corrugatip to 1 nm

Figure ¥a) shows a typical AFM image of InP dots high) is pres_ent on the top of t.he InGaI.3 layer. The period of
grown on a GaAs lattice-matched InGaP laysample 1 _the corrggatlon £60-70 nm)_|s essentially the same as the
No clear alignment of the dots can be observed. However, §and size for the sample with InP dots. It is important to
bidimensional self-organized array of dots is clearly ob-POint out that InP dot spatial alignment was observed for
served in Fig. (b) (sample 4. The array of dots is roughly both InGaP surfaces shown in Fig. 3, although this effect was
aligned at[010] and [100] directions. This spatial arrange- stronger for the A-surface substrate. Thus the presence of a
ment occurs homogeneously on the whole sample surface
and is more clearly observed for samples grown under the ,(a i
same conditions on A-surfacéshown in Fig. 1c)]. The In- -
GaP layer for sample 4 is slightly In-rich, approximately
0.6% mismatched, and was grown at 550 °C. No spatial or-
ganization was observed for InP dots grown on lattice-
matched InGaP layers at 550 °C, either on nominal or vicinal
substrates. The dot density is around % 50*° cm™?2 for alll
our samples.

Since InP layer growth conditions were the same for the §s
whole sample set, the kinetic effects could be dismissed as M« :
the main cause for the bidimensional array of dots observed 4] Profile (a)

in sample 4. In Fig. 2, we present the FTs foru3n 4
X 3-um AFM images of the samples listed in Table I. We 2
can see that both V/III ratio and growth temperature for the : Profile ('b)
InGaP buffer layer strongly influence the lateral ordering ten- 30

dency of InP dots. Figure 2 also shows that the strain in 20+
InGaP layer is a necessary condition to a clear spatial dot “;'
alignment tendency. Thus the dot nucleation must be related 0 04 038 12 L6 2.0pm

to '.Stram field reolaxatlon in the InGaP Iayer’ EIth_er COh&ent FIG. 3. AFM images of 450-nm-thick InGaP surfaces grown simultaneously
Or_ 'nCOherenﬂ)}' In OUIT Case_!_th_e InGaP_ Iayer th'ckn'ess E_indo.n (a) nominal andb) A-surface GaAs substrates at conditions that promote
mismatch are below the critical value for misfit disiocation alignment of InP dotgsample 4.
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stepped surface can enhance InP dot spatial organizatioan slightly In-rich InGaP layers. Our results show that the
suggesting that surface effects are important to determine thgrain in the InGaP layer is not the only condition to spatial
strain-field modulation. dot alignment tendency, since it strongly depends on growth
The origin of the InP dot arrangement in our samplestemperature and V/III ratio. This alignment is enhanced on
may be related to the interaction of the strain field in theA-surface substrates. Size compatibility between the InP dots
InGaP layer with two other phenomena, GuRirdering and preferential regions for dot nucleation created by atomic
and/or compositional modulation both strongly dependent omrdering and/or compositional modulation of InGaP layers
surface configuration. Several works point out that thecould explain this bidimensional InP dot arrangement. From
growth conditions influence the CyfRtrder by changing the the technological point of view, the tuning of ternary buffer
concentration of[110] P dimers on the reconstructed layer growth conditions is an alternative path to obtain
surface'?® Also, it has been proposed that CyRhGaP  highly organized two-dimensional quantum-dot arrays.

layers present an In-rich surfateThe surface corrugation ) B ]
shown in Fig. 80) could thus be due to In-rich plateaus NS work was supported by the Brazilian Agencies

formed by surface segregation that occurs with surface rd?APESP, CNPq, and FINEP. Two of the auth@dsR.R.B.
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