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We report on a study of the morphological evolution of InAs layers grown on Ga@&® substrates

by molecular-beam epitaxy under In-rich conditions. The surface morphology of the InAs layers is
characterized by a feature of island—pit combinations. We show that the vertical sizes of the islands
and pits can grow simultaneously beyond the average layer thickness, up to several hundred
nanometers. The composition of the islands is found to be ternayajn,As rather than the
expected binary InAs due to intermixing of the layer and substrate materials. We determine that this
intermixing is caused by dissociation of the exposed GaAs at the pits, followed by migration of
excess Ga atoms and their incorporation into the islands. The density of the island—pit combinations
keeps nearly constant for different layer thicknesses. Eventually, as the layer grows beyond a certain
thickness, the pits are filled up by the expanding islands, forming a nearly pure island morphology
at the growth front. ©2001 American Institute of Physic§DOI: 10.1063/1.1354637

I. INTRODUCTION ing place during the growth. However, when the layer be-

Th holoaical instability of strained epitaxial | comes sulfficiently thick, the pits are eventually filled up by
h tf m?rg 0 Ogltcattlnst_a ity ?hs ramf dEDI 3X'ad ayfrs_the expanding islands, forming nearly pure island morphol-
as attracted great attention in the past decade due to 'B%y at the surface.

importance in both science and technology. Lattice misfit
strain results in roughenin.g. of the growth fr(_)nt of a layer S, EXPERIMENTAL DETAILS
a consequence of competition between strain and surface en-
ergy. Surface morphologies with characteristic features of The layers were grown by molecular beam epitaxy
wavy undulatiort, island?~* pit,>® and their combinatiof¢  (MBE) on a V80H system. Before InAs growth, the GaAs
have been observed according to the amount of strain and tH€01) substrates were heated at 600 °C undep Asno-
growth conditions of the layers. Atomic diffusion from the sphere. The growth starts with a 200 nm thick GaAs buffer
substrat® and cap layéf into the islands was also reported layer deposited at 550 °C under As-rich condition with a
recently, indicating a rather complicated kinetics of strained!l/V flux ratio of about 15. Then, the InAs layers were
epitaxial growth. Some progress has been made lately igrown under In-rich conditions, with a V/II flux ratio of
controlling the size distribution ofinGa)As islands grown about 6, at a temperature of 380 °C. The idea of growing an
on GaAs (001) via multilayer growtht! tuning the InAs layer under In-rich conditions is to try to maintain two-
compositiont223 or using a laterally modulated surfate, dimensional growtd®~*® Arsenic flux was maintained after
that in turn considerably improves the optoelectronic perforthe layer growth was terminated. Reflection high energy
mances of the materials. Along different lines, studies ofelectron diffractiofRHEED) showed streaky patterns at this
SiGe/Si systems have shown that the combination of islandstage. Six samples with InAs layer thicknesses of 4, 10, 20,
and pits can be a very promising way to control the size40, 60, and 80 nm were prepared with RHEED calibratibn.
shape, and order of the self-assembled quantum’dots. Surface morphologies of the InAs layers were measured
In this article we report on a study of the morphological in air by a NanoScope |1l atomic force microscapgeé=M) in
evolution of relatively thick InAs layers grown on GaAs contact mode. X-ray diffraction measurements were per-
(001) substrates under an In-rich condition. A surface mor-formed at the Beijing Synchrotron Radiation Facility on
phology characterized by island—pit combinations was obbeamline 4W1C with an x-ray wavelength of 1.537 A. Scan-
served from our InAs layers with their average thicknesse®ing electron microscopy analyses were carried out on a
ranging from 4 to 80 nm. We show that the islands and pits3>-4200 microscope operating at 20 kV.
first grow simultaneously as the layer deposition proceeds.
Both the island height and the pit depth can be much greatdH. RESULTS AND DISCUSSION

than the average layer thickness. This suggests that consid- Figure 1 shows the AFM images of the six samples in a

erable mass transport from substrate into the islands was tagéquence of increasing layer thickness. The scan area is 20

X 20um?. For the 4 nm thick layefimage(a)], dense pits,
3Electronic mail: jhli@xray.phys.uh.edu mostly with a diameter of~0.1 um and a few larger ones
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FIG. 1. AFM images of six InAs lay-
ers grown on GaAg001) substrates.
The layer thicknesses afa) 4 nm, (b)
10 nm, (c) 20 nm, (d) 40 nm, (e) 60
nm, and(f) 80 nm, respectively.

with a diameter 0~0.25 um, are observed. Islands are ob- while those small pits become flattened. We also note that
served only beside the larger pits, forming a feature that ishe density of the island—pit combinations is quite similar to
called an island—pit combination in this article. The islandsthat of the 4 nm thick layer. For the 20 nm thick layer, the
appear either singly on one side of the pits or in pairs oPAFM scan [image (c)] shows again a similar density of
opposite sides of the pits. This morphology is quite similar toisland—pit combinations. However, both the islands and the
that observed by We#t al.” on Ge layers grown on $001). pits in this image are larger in size. As the layer thickness
The number density of the island—pit combinations differsgrows up to 40 nnjimage(d)], we see that both the islands
slightly from region to region across the wafer, but has aand the pits expand continuously. When the layer grows up
good statistic of about 0.13Mm? For the 10 nm thick layer to 60 nm thick, however, the island size increases further, but
[image (b)], the size of the island—pit combinations grows, the pits have stopped expansion and have almost been filled
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FIG. 2. A small area AFM image taking from the 4 nm thick layer.
-100f | ' S
0.5 1.5 um
up by the islandgimage (e)]. Nevertheless, no new nucle- Distance

ation _Of I§|6\ﬂd§ on the flat reglons_ separatlng the ISIand__pII{'IG. 3. (a) A small area AFM image taking from the 40 nm thick layer, and
combinations is observed. Further increase in the layer thick) the corresponding AFM cross-sectional analysis.

ness causes further increase in the island size, but again does
not lead to new nucleation of islands on the flat regions
[image(f)]. Consequently, the number density of the islands40 nm thick layer is shown. The lateral size of both the pit
in these two thickest layers is in agreement with the numbeand island is about 1.am. A cross-sectional analysis of this
density of the island—pit combinations in the thinner layersisland—pit combination is given in Fig.(®, which shows
Indeed, traces of the earlier existence of pits can be distinthat the pit bottom is quite flat. The height of the island and
guished at most of the islands in images and (f). Appar-  the depth of the pit are about 250 and 100 nm, respectively.
ently some of the pits have not been completely filled up yetBoth are much larger than the layer thickness of 40 nm. This
It is also noticeable that the islands in imagesand(f) are  result is true for all samples thinner than 40 nm. In Table |
actually island clusters. the typical vertical and lateral sizes of the islands and pits
The above observations give directly the following in- measured by AFM are listed. We see that the height of the
formation. (1) There is a minimum pit size requirement for islands grows monotonically with the increase in the layer
combined island—pit growth. This has been clearly shown byhickness. The pits, on the other hand, reach a maximum size
the change from Fig. (&) to Fig. 1(b), where smaller pits at a layer thickness between 40 and 60 nm. Then they stop
were flattened eventually, while the larger ones becamgrowth and begin to be filled up by the expanding islands.
island—pit combinations. The nearly constant density of the  The simultaneous growth of islands and pits requires sig-
island—pit combinations throughout the six samples furthenificant mass transport from pits into islands. Our results
supports this conclusior{2) The growth of the InAs layer suggest that the materials around the pits have been “dug”
does not lead to new island nucleation on the flat regiongut and piled into the islands. The fact that the pits are
away from the pits, but results in continued growth of thedeeper than the layer thickness implies that the substrate ma-
preexisting islands and pits. The simultaneous growth of theerial of GaAs has been “pumped” out via the pits. There-

islands and pits is an important phenomenon, which requirefore one may expect that the islands are terr(amy GaAs
considerable mass transport from the pits into the islands

during the growth(3) The pits do not expand all the way as
the islands do when the layer grows thicker and thicker. At aABLE I. Typical sizes of the islands and pits obtained by cross-sectional
certan stage, a5 noted earler, the it stop growth and a1 A B e (e et 0 e e, o
eventually filled up CompletEIy by the expan_dlng ISIa_ndS' regent the depth gnd lateral extension of the pits. W PP

To have a closer view of the feature of island—pit com-
bination, AFM scans on a smaller length scale were carriedayer thicknesgnm) ~ D;, (hm) Dy (um)  Dpg (nm) Dy (um)
out. For example, Fig. 2 shows ax® um? AFM scan for

. s , . 4 10 0.25 6 0.25
the 4 nm thick layer. Two typical island—pit combinations 10 40 0.70 20 0.70
were captured in this image. One of the two consists of sim- 20 80 1.00 45 1.00
ply an island—pit couple, and the other one contains more 40 150 1.50 100 1.50
than one island. The white ring around the peripheries of gg ;ZS ;-‘138 gg

both pits is an obvious indication of mass transport from the
pit center to the rim. In Fig. @), a 2.5 2.5,um2 scan for the  2These data were measured from pits that were not completely filled up.
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manner, the lattice plane spacing of the layer will be reduced
W (degrees) by forming (In, GaAs alloys. This will subsequently cause a

distinct x-ray peakithe InGaAs peakon the higher angle
(a)—(f) correspond to layers with thicknesses of 4, 10, 20, 40, 60, and 80 nms‘.Slde of the InAS peak. In our ca_se, the substrate is the only
The solid line indicates the position where the InAs peak should be if theSOUrce of gallium. The two possible places where GaAs and
layer is completely strain relaxed. The dashed line indicates the position ofnAs may meet and intermix are the layer—substrate interface
the shoulder peak. and the island—pit combinations. The possibility of signifi-

cant intermixing of InAs and GaAs at the layer—substrate
interface can be easily excluded by considering the following

rather than binary InAs. To explore this, x-ray diffraction facts. The intensity of the InAs peak in the x-ray rocking
and cross-sectional energy dispersive x-(BpX) analyses curve of the 4 nm thick layer is overwhelming in comparison
were made. In Fig. 4, x-ray double-crystal 004 rockingwith its corresponding shoulder peak. This indicates that the
curves of the samples are displayed. In addition to the GaAmtermixing at the interface, if it exists, is insignificant and
substrate reflection peak, the InAs peak is seen for alhas ceased well before reaching the 4 nm thickness. In this
samples. Moreover, a shoulder pealdicated by the dashed case, the intensity of the shoulder peak should not increase
line) on the higher angle side of the InAs peak is also seenwith the increase in the layer thickness. As a matter of fact,
This peak is obviously more pronounced for the thicker lay-no significant interface mixing has ever been observed for
ers. Careful analyses of the InAs peak reveal that none of thimAs layers deposited on GaA801).1%?*Thus the only pos-
six InAs layers is completely strain relaxed. The relaxationsible place where the substrate material can migrate into the
degrees of the InAs layers are determined to be in the rang@As deposit is the island—pit combinations, where the sub-
of 83% to 90%. Therefore one possible source of the shoulstrate is exposed during the growth. With the increase in the
der peak may be the nonuniformity of strain relaxation in thelayer thickness, more |Ga _,As ternary alloy is formed, so
layer containing three-dimensional islands, as observed bthat the intensity scattered by the ternary alloy increases as
Kegel et al?° and Zhanget al?* By this we mean that a well. For the thin layer§<20 nm), the scattering from the
small portion of the layer is more relaxed than the rest. Thidernary alloy is weak due to the small amount of the ternary
will lead to a smaller lattice plane spacing alof@pl] for  alloy formed there, but it does result in the asymmetry of the
this part of the layer and consequently a diffraction peak omocking curves. For the thick laye¢(s=40 nm), the amount of
the higher angle side of the main layer peak, i.e., the islandthe ternary alloy formed can be large enough to cause a
are heterogeneous species. For example, the InAs islandsstinct diffraction peak(the shoulder peak A cross-
may undergo some elastic relaxafibby, e.g., the bending sectional scanning electron microscof8EM) image of an
of lattice planes at the edges, or the strain fields of the misfiisland—pit combination in the 40 nm thick layer is shown in
dislocations may inhomogeneously distort the epil&fer. Fig. 5. The picture was taken by cleaving the sample along
However, theoretical simulation of the rocking curvemt  the (110 lattice plane. EDX analysis confirms the existence
shown) indicates that even if a part of the layer were com-of Ga in the island, although the quantitative value obtained
pletely strain relaxed, its corresponding diffraction péad-  this way is not reliable due to the limited resolutitcaused
sition indicated by the vertical solid line in Fig) ould not by the shifting of the electron beam while making statistical
reach the position of the shoulder peak on the far highecounting and the possible nonuniformity of the island com-
angle side(indicated by the dashed lineThus nonuniform  position, as discussed belpwFrom the x-ray data, we esti-
strain relaxation will not be able to cause the shoulder peakpate the peak composition of this distinct phase in the is-
though it may result in broadening and asymmetry of thdands is about IfgGa, sAS.
InAs peak. Therefore the only plausible explanation for the  The exposure of GaAs substrate at pits and the diffusion
shoulder peak is that a distinct part of the layer contain®f GaAs into the islands are quite interesting results. The
gallium, i.e., Ga has been mixed into the InAs deposit. In thiformation of surface pits in the strained epilayers has been

FIG. 4. X-ray double-crystal 004 rocking curves of the six samples. Curve
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investigated by Cheet al® and Weilet al.” in their earlier It is interesting to note that the observed Ga fraction in
works. They showed that strain induced surface diffusiorthe islands closely agrees with the predication of 20% by
associated with local perturbations at the substrate surfaddottomley?® Therefore we suggest that the melting of GaAs
results in the pit formation. They suggested that at the perand InAs at pits is quite plausible due to the large stress at
turbed sites, the substrate surface is strained. Thus the depdBese places. The stress-induced melt then facilitates mixing
iting material will prefer to not remain at these sites, butof InAs with the substrate and mass transport can occur,
rather diffuse away, leaving behind the pits on the surface. Iproducing a ternary alloy of jGa ,As in order to mini-

the extreme, if the local strain at these perturbed sites i§hize the local free energy.

sufficiently large, no deposited material will stay there and

the substrate will eventually be exposed. In our case, becausé. CONCLUSION

the layer was prepared under In-rich conditions, dissociation \y/e have studied the morphologies of MBE grown InAs

of GaAs is expecte@GaAs starts to dissociate at temperature|ayers on GaA<001) under an In-rich condition. The layer

as low as 350°C The excess Ga may then serve as thesyrface is characterized by a feature of island—pit combina-

source of the perturbation. However, only pits above a crititigns. As the layer grows, both the islands and pits grow up

cal size will lower the energy of the strained laj&Corners  simultaneously before reaching a critical layer thickness. The

or edges of the large pits are the most preferred sites to attagteight of the islands and the depth of the pits at this stage are

newly deposited materials because at these sites the straiuch larger than the average layer thickness. The substrate is

energy is most relieved. Islands are then formed there viaxposed at the pits, making the continuous dissociation of

surface diffusion. Figure (2) shows exactly such a result, GaAs and the intermixing of GaAs and InAs possible. The

where a dam or ridge around a pit is formed, which is clearlyislands, nominally InAs, are found to be actually

an effect of surface diffusion. In,Ga, _,As. Above the critical thickness, the pits are gradu-
Continued deposition of the strained layer may lead taally filled up by expanding islands.

further relaxation at one or more of the pit corners or edges

by dislocation or(In, GaAs alloy formation. The islands at ACKNOWLEDGMENTS
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