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Surface Contrast in Two Dimensionally Nucleated Misfit Dislocations
in InAs /GaAs(110) Heteroepitaxy
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Scanning tunneling microscopy has been used to study misfit-dislocation (MD) induced lattice
distortion of the epilayer for InAs thin films grown on GaAs(110). Two-dimensional (2D) islands
with regular size are observed in the first two monolayers. Interfacial MDs, identified in the images by
an array of dark lines, appear following the coalescence of the 2D islands. The growth mode remains
2D for all coverages and the vertical contrast of these lines decreases with film thickness. The surface
contrast can be explained only by classical elasticity theory if the properties of a thin InAs film with an
exposed surface are considered. [S0031-9007(96)02167-9]

PACS numbers: 61.72.Ff, 61.16.Ch, 62.20.Dc, 68.55.—a

Heteroepitaxial growth occurs when the chemical identheory. Unfortunately, TEM estimation of the vertical
tity of the epitaxial layer differs from that of the substrate. magnitude of the contrast distortion due to MDs in very
The two materials may possess a parity in lattice paramehin films is extremely difficult [6], since a knowledge
ter or a misfit which results in strained modes of growth.of the precise beam conditions and the elastic properties
Small misfits can be accommodated by elastic distortionof the epilayer and substrate is required to estimate the
but greater misfits lead to plastic deformation, or dislocavertical magnitude of surface distortion in the TEM data.
tions, in the strained layer [1]. The strained-growth mode In this Letter, we provide a detailed STM study of the
of InAs on GaAs is particularly interesting as it dependssurface contrast during strain relief in InASaAs(110)
strongly on the substrate orientation. For the (001) subheteroepitaxy. The evolution of the MDs is monitored
strate, a transition in growth mode from two-dimensionalby a thicknessiependensurface contrast due to the strain
(2D) to three-dimensional (3D) nucleation usually oc-field from the dislocation cores. The persistent 2D growth
curs some timerior to the incorporation of dislocations mode for all coverages facilitates the depth resolution
[2]. In contrast, reflection high-energy electron diffractionand in turn enables the fine surface perturbation to be
(RHEED) studies have shown that the formation of 3Dmeasured accurately and therefore allow comparison with
nuclei is completely surpressed during growth on (110klasticity theories.

[3,4] and (111)A surfaces [5]. In both cases, the InAs epi- The experiments were performed in a combined molec-
layer remains 2D eveafter strain relaxation. Since the ular beam epitaxy (MBE)/STM facility which has been
lattice misfit(~7.1%) is common for all INAgGaAs sys- described previously [14]. The epi-ready} Si-doped,
tems, the observed growth behavior cannot be explainedonmisoriented GaAs(110) substrates were introduced to
by strain alone, but must derive from madindamental the vacuum system without argx situ preparation and
grounds which are unique to each surface orientation. thermally cleaned at 30C. Following oxide removal at

Dislocations have traditionally been studied by trans-630°C, thin (10 ML) buffer layers of GaAs were grown
mission electron microscopy (TEM) [6]; however, at 500°C and an AgGa flux ratio of 10 [15]. After an-
scanning tunneling microscopy (STM) can generatenealing, the substrate temperature was lowered t0°@20
complementary information at a more local level [7,8].for InAs deposition which was performed using an/As
In highly mismatched heteroepitaxy, STM has a particulaflux ratio of 8. The nominal in flux was.6 X 10'3 atoms
advantage in following the nucleation of dislocations incm 2 s™!, as calibrated from RHEED specular beam in-
very thin films, since the morphology of fully strained tensity oscillations during InAs(001) homoepitaxy. Con-
material prior to the onset of the strain relief can bestant current STM images were obtained at room temper-
imaged [9] at a stage where no clear contrast is presemiture using sample biases in the rahgd = 2-4 V and
in conventional TEM. Previous STM studies of semicon-tunneling currents of-0.2 nA. The vertical resolution of
ductor heteropitaxy have mainly centered on large-scalthe STM is~0.10 A.
morphological features [10—13]. In a recent study of The STM images presented in Fig. 1 demonstrate the
strain relief in metallic CoSySi [7], bright bands in appearance of the growing InAs layer as the coverage
STM topographs were associated with a surface distortiors increased from the pseudomorphic regime [Fig. 1(a)]
induced by the spatially extended strain field aroundhrough the various stages of relaxation [Figs. 1(b)—1(d)].
the misfit dislocation (MD) cores. The contrast wasBelow 1 ML, the InAs appears to grow via 2D island
found to beindependentof the epilayer thickness and nucleation with a smaller contribution from a step-flow
could be partially accounted for by classical elasticity mode [Fig. 1(a)]. A high density of islands-10'' cm™2)
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on the (110) surface [see inset in Fig. 1(c)]. These islands
expand and coalesce with further InAs deposition and the
surface at 5 ML coverage is smooth and characterized by
an array of paralletlark bands [Fig. 1(d).

The appearance of the dark bar{ds3 ML) coincides
with the relaxation of the InAs film, as monitored by
measuring the separation of any two integral order rods
in the RHEED pattern. Between 3 and 5 ML, the data
exhibit a very rapid transition from the lattice constant
of GaAs to that of InAs (Fig. 2). After deposition of
5 ML of InAs, there is an~86% relaxation in the[110]
direction accompanied by only a very small change in
the orthogonal [001] direction. Previous TEM studies of
InAs films grown on GaAs(110) have shown that strain
relaxation is strongly anisotropic and thickness dependent
[16]. Strain relief occurs first in thel10] direction with
the formation of 90 perfect MDs lying in the [001]
direction at the heterointerface. This is followed at higher
coverages by relaxation in the orthogonal [001] direction
through the formation of 60type dislocations with a
[110] orientation.

A plan-view TEM micrograph of the 5 ML InASGaAs
sample is shown in Fig. 3 and confirms the regular
network of MDs with Burgers vectobh = (1/2)ag [110]
as (ap = 6.054 A), lying at the interface. The MD features

B Jagthmn 0 observed in TEM have a remarkable resemblance to the
FIG. 1. Filled-states STM images of InAs on GaAs(110) for dark bands shown in Fig. 1(d) in terms of both spacing
the following coverages: (a) 0.5 ML, (b) 2 ML, (c) 3 ML, and line direction. As both measurements agree well
(d) 5ML. The inset in (b) highlights the morphology of with the average separation expected for 90Ds in

“fractured” islands, while the inset in (c) shows the minimum ~ ;
island size needed for nucleation of a MD beyond the criticallnAS/GaAS( 60 A), it can be concluded that the dark

thickness. The plot below (d) shows the surface profile of MDsbandS in th?_STM_ image are also aS_SOCiated with 90
taken at the vertical white bar. Image sizes: (a),(d) (2002nm) MDs. In addition, since these bands which develop during
(b),(c) (100 nm¥.

100

is observed, many possessing sections of bilayeh) 5

height, a characteristic of GaAs(110) homoepitaxy [15]. {
A small difference in image contrast, equivalent to just 80
0.3 A, allows the identification of strips of InAs 150 A
wide decorating the residual steps on the nominally
singular GaAs substrate [arrow in Fig. 1(a)].

The next characteristic development of the strained
layer occurs at 2 ML [Fig. 1(b)]. Within the single
exposed InAs layer, 1 ML-deep trenches eventually form
a network of very small InAs islands. The uniformity in
the size of these islands is striking (mean ared94 A2, {
standard deviatior= 310 A?), and they are all only a 20 |k
single monolayer (2 A) in height. The island size was -
not affected by extended annealing at the deposition i } +
temperature.

For InAs thicknesses between 3 and 5 ML, STM 0 1 2 3 4 5 6
images show that some of the InAs nuclei are not broken InAs Layer Thickness / ML
into Sm-a” islands, but in_stead possess an intac_t -SurfaCI?IG 2. The strain relaxation as measured by the separation
layer [Fig. 1(c)]. A peculiar q_uallty of these nuclei s th_e of first order rods in the RHEED pattern as a fznction orlZ InAs
presence of a subtle depression along the [001] d'recuora:'overages. The transition from the lattice constant of GaAs
which gives a vertical contrast of about 0.5 A, a value(ow) to that of InAs (100%) is mot pronounced between 3—
substantially less than the 2 A step height for a monolayes MLs.
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FIG. 3. A plan-view TEM dark field image of the 5 ML InAs
sample taken ag = [220]. The 90 MDs are seen as light o1l
contrast lines. The TEM specimen was prepared by chemical
jet thinning from the substrate side, and examined at 200 kV.
Image size is~200 nm X 200 nm.

o ) , 30
00 50 100 150 200 250 300 350 400
InAs film thickness / ML

the 3-5 ML stage are relatively shallow (see surface:|g 4. vertical displacementilled circle) and FWHM pen
profile in Fig. 1), the depressions detected by STM areircles) of the dark bands associated with MDs as measured
likely to be related to the strain field of the buried MDs. by STM as a function of film thickness. Also shown are the

In this Compressive|y strained System' missing planes dfisplacement Va|l.!e.S Ca'CUl.ated from Simple elaS.tiCity theory
atoms exist in the epilayer above dislocation lines an ngggert]?zpﬂflf;% \g;s';)?rz eWS'tLTrféi)e h;‘ﬁg;g::::r(”gzz'
produce anegativecontrast in the surface image. Lenilaver Variables.

It is clear from the STM images that there is a'
striking relationship between the surface structure at
2 ML deposition and the evolution of the dislocation of dark bands as the values of the FWHM are too close to
network from 3 ML thickness. The uniformity in size that of the average separation of the MB50 A).
of the small 2D InAs islands [Fig. 1(b)] must be an Although classical elasticity theory can be used to
effect that best accommodates elastically the compressivalculate the vertical displacement produced by interfacial
strain in the film. Coalescence of these islands leads thiDs for a semiinfinite epilayer above a semi-infinite
incorporation of short MD segments [Fig. 1(c)] and thesubstrate [17], it is clearly not applicable to the very
absence of any threading segment linking the surface witthin films in which we observe the MDs, as illustrated in
the MDs implies that the dislocation is located directly Fig. 4 by comparing experimental data with calculations
below the surface atomic plane, i.e., in the second InAsising the bulk Poisson rati@cpiiayer = 0.3) for the InAs
layer. film (plot 1). We have therefore introduced empirically

The question remains as to whether the image contrast thickness-dependentp;iay.r, in which a value of 0.5 is
measured by STM is a lattice distortion induced by theused for the thinnest film (5 ML) [17]. The deformability
MDs, or whether there is some electronic contribution toof the film is assumed to decreasigearly with film
the magnitude of the measured contrast. The dimensiorthickness up to 45 ML, above which the bulk value of
of the dark bands can be measured directly from th®.3 is used (plot 2). Recent photoemission studies have
STM images as a function of InAs coverage (Fig. 4). Inindeed shown that the bulk band structure of InAs on
contrast to previous studies on Cg&8i [7], the vertical GaAs(110) is not fully developed until the film thickness
dimension of the bandshangeswith film thickness, reaches~100 A (50 ML) [4]. It is not clear whether the
decreasingfrom 0.55 A at 5 ML to 0.10 A at 30 ML.  apparent agreement with the thickness dependgnt,yer
There is a concomitant increase in the full width at halfmodel for film thickness greater than 10 ML is fortuitous,
maximum (FWHM) of the dark bands from 33 A or whether this is the point at which a bulk value of
for the same range of film thickness. It should be notedv.p;ayer iS a reasonable approximation.
that it is difficult to established any correlation between An alternative analysis takes into account boghiayer
the increase in the FWHM and the decrease in the contrasind the shear modulug,cpiiayer, as well as thdinite-size
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effect (free surface) of the epilayer [18]. This treatment  *Electronic address: t.jones@ic.ac.uk
was originally applied to explain the results of the contrast [1] D.B. Holt, J. Mater. Scil, 280 (1966).
observed in the tensilely strain¢e 1.2%) CoSi,/Si(111)  [2] A. Trampert, A. Tournie, and K. H. Ploog, Int. Phys. Conf.
system and it can be extended to compressively strained  Ser-146 203 (1995).
(+7.1%) InAs/GaAs(110) for two reasons. First, both [3I >E<3'X-Jzohigg’JD'C\rN'stPgsrz:Styn’lz\i gl ’E‘fgg’g J. Zhang, and
CoSi,/Si(111) and InASGaAs(110) have only surface- 2" Leler al. 3. Cryst. Growthias, 331 (1993)
bond r(_elaxatlons with no complications .due to additional [5] H. Yamaguchi, M. R. Fahy, and B.A. Joyce, Appl. Phys.
stress induced by a surface reconstruction. Second, from * | et 69, 776 (1996).
the sense of the contrast, the lattice protrusion of the[s] p.H. Hirschet al., Electron Microscopy of Thin Crystals
epilayer in the tensilely strained system should correspond  (Butterworths, London, 19XX).
to the lattice depression in our compressively strained[7] R. Stalder, H. Sirringhaus, N. Onda, and H.V. Kanel,
InNAs/GaAs. The degrees of lattice mismatch between  Appl. Phys. Lett59, 1960 (1991).
the two systems influence the density of MDs during [8] N. Frank, G. Springholz, and G. Bauer, Phys. Rev. Lett.
strain relief and therefore the value @fepijayer. The o] Z'3x 32212 (t?:?]idf)j & Belk X.M. Zhana 1L Sudiions
variation (from 50% to 200%) iftcpilayer haS been shown M.R. Far?y, T.'S. Jones, DW Pashle;?,' and B.A. f]oyc’e,
to account forat least10% of the surface contrast [18]. Phvs. Rev. B .

. ; . ) . ys. Rev. B (to be published).

Once the epilayer is fully relaxed in th&10] direction

: . b 10] E.A. Fitzgeraldet al., J. Vac. Sci. Technol. BLO, 1807
[19], the elastic properties remain important. Tdwre- [10] (1992). g

lation between the denSity of MDs and the magnitude Of[]_]_] G. Meyer, B. Voigﬂander, and N. M. Amer, Surf. S@i74,
the surface contrast [18] suggests that the contrast for the 541 (1992).

InAs/GaAs system can be reparametrized by taking intg12] M.H.V. Hoegen, M. Pook, A. Al Falou, B. H. Muller, and
account the difference in the lattice constants of GoSi M. Henzler, Surf. Sci284, 53 (1993).

and InAs epilayers (13%). Although we cannot formally [13] S. Ohkouchi, N. Ikoma, and M. Tamura, J. Elec. Mz,
justify these adjustments, the corrected plot (3) shown in 439 (1996). )

Fig. 4 follows verycloselythe trend of the data even for [14] J-G. Belk, J.L. Sudijono, D.M. Holmes, C.F. Mc-
thicknesses where the thickness depenaggt, . model 8%%‘2;'8' T.S. Jones, and B. A. Joyce, Surf. 85 735
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In conclusion, we have used STM to investigate thd19 At this coverage relaxation in the orthogonal [001]
nucleation of MDs via the coalescence of small 2D direction is less tha_n 15%. _Straln relief in this dlrecpon
islands in INAgGaAs(110) heteroepitaxy. The surface becomes apparent in STM images of thicker InAs films

and appears as a series of bright lines oriented ir the)
contrast as measured by STM due_ to th_e presence of the  gection. A few examples can be seen in Fig. 1(d) for the
dislocations depends on the InAs film thickness. A good g ML thick InAs film; these are half-loop dislocations in
estimate of this contrast can be obtained using a modified  the form of surface slip traces.
classical elasticity theory that takes into consideration th¢20] H. Sirringhaus, E.Y. Lee, and H. von Kanel, Phys. Rev.
properties of a thin film with an exposed surface. Lett. 73, 577 (1994).
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