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Self-assembled islands on strained systems: Control of formation, evolution,
and spatial distribution

C. A. C. Mendona, M. A. Cotta, E. A. Meneses, and M. M. G. Carvalho
UNICAMP, IFGW, DFA/LPD, Caixa Postal 6165, 13081-970, Campinas, S.P., Brazil
(Received 27 August 1997

The dynamics of island formation on strained epitaxial films is investigated using the system formed by InAs
on InP. Island shape, size, and spatial distribution are determined by surface atom diffusion that is modified by
the presence of steps and/or corrugations on the surface. Different step characteristics—type and density—are
shown to strongly affect the islanding process. By controlling the morphology of the underlying InP film we
were able to achieve InAs/InP structures with periodic spatial distribution in one single step of growth.
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Low dimensionality of systems based on semiconductor The effect of step edges on island nucleation, investigated
materials has been investigated, theoretically and experimemy Leonard, Pond, and Petrdffsuggests that different char-
tally, as a means to improve the optical and electronic propacteristics of the terraces and steps on the surface give rise to
erties of structures and device$The fabrication of most of ~ distinct diffusion dynamics, caused by alteration of the mi-
the systems in which carriers are confined in two or thre&_‘;roscopic adatom hoppmg diffusion. Different morpho|ogies
direCtionS—quantum wires and dots—has so far been baSQﬁ the buffer |ayer' created WX Situprocessing’ have been
on quantum well§QW's) and on the subsequent processingreported to affect island characteristics through modification
steps to produce arrays of one- and zero-dimensiongls migration of adatoms on different crystal plarés? On
structures. _ o _the other hand, Kitamurat al. have shown that different

The achievement of high-quality interfaces, the most iM-yisqrientations of GaAs vicinal substrates did not modify

portant feature of QW structures, has been one of the greatesls characteristics of WBa,_As islands formed on multi-

challenges to the optimization of devices. Either for ho'atomic stepd51 However, the critical thickness for 3D is-

mointerfaces or heterointerfaces, the initial stage of growt . . )
has played a crucial role in the characteristics of the subs anding of InP O? GaA_s h&_ls not varied fGL00-oriented
bstrates and 2° off this directioh.

guent layers. The advance of surface and interface analys%J . . .

techniques has made it possible to take a closer look at these " this work we report on the formation—in one step—of
interfaces at the very beginning of their formation, providing@ SPatially organized system of 3D InAs islands on InP, e.g.,
an understanding of the processes involved in the growth a¥ith no ex situprocessing step and no need to grow a large
this point. The natural consequences of this fact are a bettélumber of layers. We discuss the process of InAs island
control of the effects of growth parameters to obtain a deformation on InP surfaces based on the alteration of the dif-
sired interface and the possibility of creation of systemgusion of the surface atoms due to temperature and due to the
based on these processes. presence of steps and corrugation edges.

Highly strained heterostructufes are examples of sys- We observe that InAs islands tend to form in preferential
tems being investigated under this new light. In these sysregions of the surface and use this fact together with the
tems the spontaneous formation of three-dimensig8B)  possibility to create a surface with controlled morphofgy
islands has been considered as a promising way to achieve tailor the islands’ spatial distribution. We also show that
arrays of self-organized quantum dots. However, the applithe size distribution of the InAs islands can be determined by
cation of these structures on the fabrication of devices desarefully monitoring the cooling of the samples.
pends on the improvement of the control of island character- We use in-air atomic force microscogAFM) of InAs
istics. films at the earliest stages of their deposition on InP to in-

With regard to 1lI-V compounds, liGa)As films grown  vestigate the dependence of the 3D islanding process on sub-
on GaAs and on InP have been studied in the last few yearstrate misorientation and morphology of the InP buffer layer.
Island formation was shown to be controlled by the paramThe samples investigated in this work were grown by chemi-
eters that affect the diffusion of adatoms on the substrateal beam epitaxy using trimethylindium diluted with hydro-
surface, as substrate temperature and growth rate. It has algen carrier gas as the group-Ill source and thermally decom-
been observed that the accumulation of InAs in certain reposed pure arsine (AgHand phosphine (P§l as group-V
gions of the structures can be related to the presence of spurces. They consist of 2 ML of InAs deposited on 300 nm
strain field at the surface that is determinant to the proces$nP buffer layers. The deposition of InAs films was carried
Tersoff, Teichert, and Lagafl{ claim that the strain field out at 0.7 ML/s, at 500 °C, with all structures being grown
creates a favorable region for nucleation while deallt  simultaneously on100) InP substrates nominally oriented
discuss its effect on the diffusion of the adatoms at the surand 2° off towardg§011] (A surface, [011] (B surface, and
face. Both works focused on the achievement of verticall{101] (C surface directions. The substrate temperature was
aligned InAs islands on multilayered InAs/GaAs structures. monitored by standard infrared pyrometry. The morphology
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In Fig. 1 we show the AFM image for an InAs film de-
posited on a smooth InP buffer layer grown on the nominal
(100 substrate. For this samplet=45 s. Large 2D terraces
are observed with well-defined 1-ML steps between them.

A The formation of 2D islands of InAs at the step edges can be
20.00 clearly distinguished, suggesting a pinning effect at step
1500 edges during diffusion, as_oppos_ed to the case of IOV\_/er

growth temperatures for which 2D islands are randomly dis-
10.00 tributed on the top of the terracEsThese terraces are not
—_— seen at the samples grown on the other types of substrate due

’ to smaller terrace width, which is beyond AFM resolution,

0.00 limiting the observation to larger structures.

As far as misoriented substrates are concerned we will
: discuss samples grown ghandC surfaces. The main dif-
) - E N - i3 s ference between these two is that in the former dxlsteps
0 05 1 15 2',',,,, are present whilé andB steps coexist on thé surface. We
will also restrict our analysis to those films grown @h
FIG. 1. AFM image of 2 ML InAs films grown on nominal Surfaces, as representative of the surfaces ®iteps, due
(100 substrate withAt=45 s(scan size, X2 um?). to the similarity of the results obtained for these samples
compared to those grown on B-type substrates.
of the InP buffer layers was intentionally varied from a  Figures Za) and Zb) show the AFM results for films
smooth surfac€2D growth mode to a surface with a peri- deposited orA- and C-type substrates, respectively. These
odical multiterrace structure presenting a sawtooth profilssamples were grown on the same run as that shown in Fig. 1,
along the[011] direction, which will hereafter be called the i.e.,At=45s. Three-dimensional islands can be observed on
corrugated buffer. This profile corresponds to the formatiorthe C substratgFig. 2(b)], while no island is distinguished
of (411) sidewalls and occurs during the kinetic rougheningon the AFM images of the sample on tAesurface. This fact
of InP surfaces as described by Cogtzal 18 indicates that the InAs nucleation and islanding begins ear-
Different procedures were used after InAs deposition tdier for films grown onC substrates. In Figs.(@) and Zd)
evaluate the changes on island characteristics during the inive show the AFM images of samples in whigh=120s,
tial stages of the cooling of the samples. These proceduras A- and C-type substrates, respectively. Under these con-
consist in allowing the samples to cool down under AsH ditions, AFM images of samples grown on tAesurface also
flux for different time intervalsit before the deposition of a show the presence of 3D_islands. Some of them are elon-
thin InP cap layer, after which the cooling process proceedgated along the directiof011], their shape suggesting the
to room temperature under RHux. coalescence of smaller islands. Islands onGhsurface, on
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FIG. 2. AFM images of 2 ML InAs films deposited dr) A surface andb) C surfaces, wittAt=45 s, respectively(c) A surface and
(d) C surface, respectively, witht=120 s(scan size, X2 un?).
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FIG. 3. AFM images of 2 ML InAs films grown on InP buffer with periodical multiterrace corrugationgap surface andb) C
surface, respectivelAt is 120 s(scan size, 4 um?).
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the other hand, are isotropic in shape with smaller laterabamples grown oB andC surfaces, i.e., surfaces in whigh
dimensions than those at thesurface and more evenly dis- steps are present, reinforces the idea that this type of step is
tributed on the surface. more efficient to initiate islanding, than other types of steps.
While on A substrates the increase in the time intervalAs we have previously reported, not only the step profis
between the InAs film and the InP cap layer deposition desteps are more kinked thah step$ but also the direction
termined the appearance of 3D islands, for the samplé3 on along which terraces run in the different types of surface can
substrates it implied a marked increase in island size. Thenodify the distribution of surface adatoms along them.
comparison between Figs(l2 and 2d) shows that the is- Our results clearly indicate that the presence of steps on
lands formed on th€ surface increased ad was increased misoriented substrates alters islanding. The fact that this pro-
from 45 to 120 s, typical dimensions being 4 and 12 nmcess starts earlier on misoriented substrates at 500 °C, while
height and 40 nm and 65 nm of diameter, respectively.  the increase in size of the islands occurs after deposition
The formation of 3D islands on misoriented substratessuggests the existence of a microscopic dependence of sur-
and the accumulation of InAs at the step edges on nomindhce diffusion on surface steps. This behavior has also been
substrates show that the presence of steps strongly affects thributed to a more effective barrier for misoriented sub-
islanding process and determines the island characteristicsstrates than on the nominal ones, due to the higher density of
shape and spatial distribution. Besides that, the observatiosteps on their surfaces. The results suggest that both the tem-
of 3D islands at the early stages of InAs deposition forperature and-type steps favor the achievement, by the at-
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FIG. 4. (a) AFM images of the InP buffer with periodical multiterrace structure growrCosurface. AFM images of 2 ML InAs films
grown on the InP buffefb) with no InP cap layer(c) At=120s, andd) At=45s. Scan sizes are alx2 um?.
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oms, of a more energetically stable state through islanding.
The 3D islands formed at growth temperature can, therefore,
evolve in two steps: increasing in size and coarsening, favor-
ing the eventual formation of larger, more stable islands. In
this sense, the cooldown procedure we devised consists in
suppressing the InAs surface redistribution by choosing the
time for deposition of the InP cap layer. This process inhibits
coarsening and allows the control of island sizes.

In order to study the influence of morphology on the is-
landing process, 2 ML-thick InAs films were deposited on
the InP surface with periodic corrugation. Figure 3 shows the
AFM images of the samples witht=120 s on(a) A and(b) 100 150 200
B surfaces. In the first, the density of islands is aboup567 Height (A )
and they are unevenly distributed along the multiatomic
steps, while in the latter the island density is 108 and
are more uniformly distributed on the surface. Contrary to
what has been reported abouj®s, _,As deposited on simi-
lar multiatomic structures on GaA3® our results show the
3D InAs island density and spatial distribution present a re-
markable dependence with the direction of the misorientation
of vicinal (2° off) surfaces.

For these types of samples we will focus our discussion
on those grown o surfaces for two reasons: more uniform
islands previously observed in this type of surface and pro-
vision of a more regular corrugation with steps than other 0
substrates. In Fig.(4) we show the AFM images of the InP
corrugated buffer layer on the top of which the InAs films
were deposited. The multiterrace structures are periodically
arranged 180—200 nm from each other and their height is
5-6 nm. The AFM image of the InAs film cooled down to
room temperature under AgHlux is shown in Fig. 4b).

This image shows the remarkable alignment of the uniform
self-assembled islands along the edge of the corrugation.
Figures 4c) and 4d) present the AFM results for samples
with At=120 and 45 s, respectively. Although the islands
present a clear difference in size in the first two samples
[Figs. 4b) and 4c)], it is whenAt is decreased to 45 s that
the effect of the InP cap layer is more clearly noticed. For the
At=45s samples it can be observed that the islands are | .
lower than the top of the corrugation. 0 50 100 150 200

The histograms for island height distribution of these Height (A )
samples, shown in Fig. 5, confirm this behavior. The height
distributions for the samples witht=45, 120, and for that FIG. 5. Height distribution of InAs island@ ML deposited on
in which no InP cap was deposited are shown in Figa),5 corrugated buffgrfor samples with{a) At=45 s, (b) 120 s, andc)

5(b), and §c), respectively. The mean height increases varWith no cap layer.

ied from 3.5:0.7 nm to 12.5 3.5 nm asAt increased. The

low number of islands presented for the sample withwalls—and diffusion rates when different facets are present
At=45s is due to the difficulty to perform precise measure-on the surfacé®?* In this sense we assume that the InAs
ments of the island dimensions caused by the small separthickness approaches the critical value earlier in this region
tion between each other. of the surface.

At this point it is important to notice that, in our samples, Surface energetics also indicates an earlier transition to
the InAs layer was estimated to have a thickness that is undéslanding on the(100 than on(411) facets. Tersoff and
or approximately the critical value to islandify?* For the ~ Tromp?® have proposed that there is an energy barrier for the
InAs samples grown on the corrugated InP surface we obformation of islands that depends on the difference between
serve that islanding occurs earlier at the bottom of(#fel)  the free energies of the surfaces involved. In experiments
sidewalls. This result may be interpreted based on observavith growth on patterned substratésr under kinetically
tions made for samples where lattice-matchegm_,As  limited conditions’’ it has been observed th&111) and
was deposited on the same type of corrugated InP surface. @11) planes tend to form wherever there is a break in sym-
larger thickness at the bottom of the corrugation wasmetry in(100 surfaces. This indicates thBg,;,) (sidewalls
observed? which can be attributed to different is higher thanl’1oq) (terracey and that the energy barrier
incorporation—due to irregularities along tHd11l) side  would, thus, be first overcome at the bottom of the corruga-
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tion. The existence of a different crystallographic facet on In summary, the idea that the formation of the islands is a
the surface, however, is not a primary condition to favormore energetically favorable state is confirmed by our re-
islanding. sults. At high temperatures the surface kinetics of the atoms
The islanding process is then assumed to initiate at thgh the film gives rise to a coarsening process in which the
bottom of the corrugation and the surface atoms diffuse t@ontrol of the uniformity in island size has proved more dif-
the closest island, increasing its size. Provided the substratgylt to achieve. In the controlled cooling procedure under
temperature is kept high for enough time, the surface atomggh, flux, the departure from growth temperature provides
will diffuse or be driven to the region where accumulation is e transition to a lower-energy configuration through island-
favored. Islanding freeze out occurs if some islanding supy,g \yhile it still allows the islands to increase in size. The
pressing effect is introduced, as, for example, the depositiof) e rstanding of these processes has provided means to ob-

.Of a cap layer. A delay_tlme for the d_evelopment of thetam systems of InAs islands with controlled and well-defined
islands after the deposition of the strained layer has been . . .

. : I, characteristics so that InAs/InP structures with periodic spa-
reported® while a low growth rate is one of the conditions to

achieve the vertical alignment of InAs in multilayered tial distribution can be achieved in a single step of growth.

InAs/GaAs'® In our samples, the InAs/InP system is given

temperature and enough time to reach the energetically more

favorable state. The surface diffusion activated during the The authors wish to thank P. A. Schulz and R. B. Martins
sample cooldowiiFig. 3(@)] promotes an increase in the is- for fruitful discussions. This work was financially supported
land sizes. by CNPq, FAPESP, FINEP, and Telebi@azil).
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