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Anisotropic shape of self-assembled InAs quantum dots: Refraction effect on spot shape
of reflection high-energy electron diffraction
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A significant role of refraction effect on reflection high-energy electron diffract®RHEED) from nano-
structures is demonstrated. It was found that the chevron-shape spots in RHEED patterns from self-assembled
InAs/GaAg001) and InAs/InAlAs/InRO01) quantum dots z{tlTO] azimuth are well reproduced by kinemati-
cal calculations taking into account the refraction of electron beam at the curved surfaces of the dots. The dots
must have (1_(I)) cross sections steeper thdi0 cross sections and consequently extend a[drﬂ_tjj] since
the refraction effects, considerable only at glancing incidence and departure, are invi$iilé] azimuth.
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I. INTRODUCTION side. This mechanism requires the dots to have curved sur-

faces at least at thel 10] and[110] azimuths for the con-
Recently, nature and growth techniques of the straintinuous variation of the refraction direction. Furthermore, the
induced quantum dot structures are actively studied from thengle between the chevron tails mainly depends on the
viewpoints of fundamental physics as well as device appli-height vs base diameter ratio of the domelike dots.
cations. In order to understand the growth process of the
dots_, knowle_dge about the shape of the as-grown dots_ is Il EXPERIMENT
particularly important. Furthermore, detailed electronic
structure of dot, which governs electronic and optical prop- The experiments were carried out in a MBE chamber
erties such as polarization anisotropy, depends on thequipped with a RHEED apparatus. The growth procedures
shapet~3 of InAs dots on GaA®01) and on I sAlg4AS lattice
One of the informations about the dot shape has beefatched to InFO01) are described in Refs. 9 and 10, respec-
provided by reflection high-energy electron diffraction tively. After the native oxide layer was thermally removed in
(RHEED); It is well known that the chevron-shape spotsASs ambient, a 300 nm thick GaAs buffer layer was grown
appear in RHEED patterns from self-assembled InAsPnN GaAs at 84|0|L< 5:”8‘108 20? Xm th'C'zj 'nAlAtS cE)Uftfe7r5|§)l/<ert
T ; : . was grown on InP a . InAs was deposited a a
OGV?S;%%]{)S q:raent:tg e(:\?; aéllllo?] aiizrlnrn?;?_\évgltleﬁ?srs ITﬁ;y a growth rate of 0.07 monolayei/’§iL/s) on the GaAs buffer

: : layer and at 780 K and 0.3 ML/s on the InAlAs buffer layer,
ch_evron was attributed to reciprocal rod normal(1@3 and where 1 ML is 6.26¢10 InAs molecules/cfa. RHEED

) X X "~ energy of the electron beam was 20 keV. Atomic force mi-
ways appear in the low take-off angle side of the diffraction.oscopgAFM) observations were carried out in air at room
spots irrespective of the spot indices and glancing and aZfsmperature.
muthal angles arouridL10] cannot be explained well by the
facet originated streaks. Latgf, 36} facets which have the
same (1D) cross section wit{113 facet was proposed
based on the observation of facetlike streaks in the high take- Typical RHEED patterns of the InAs dots grown on
off angle side af310] azimuth®’ However, clear mecha- GaAg001) and on InAlAs/InR001) at [110] and[110] in-
nism about the appearance of the widely-observed chevrotident azimuths are shown in Fig. 1. The shadow edge,
spots aff 110] has not been given for thgl36}-facet dots. Which corresponds to the line of zero take-off angle from the
Similar chevron spots are also observed from InAs/InAlAs/Substrate surface, is located around the bottom of each pat-
InP(001) dot system with smaller 3% lattice misfit, where the tern. It is obvious that the dots have an anisotropic structure
angle between the tails is about 40°, which attributed tdecause the chevron spots appear only 1t0] azimuth
{114 facets® However, the cross sectional image of the dotwhile spots af110] have oval shape. The angle between the
observed by transmission electron microsc6peM) shows chevron tails from InAs/GaAs dof$ig. 1(b)] is larger than
that the tilt angle of the facet is different from the half of the that from InAs/InAlAs/InP dot$Fig. 1(d)] in agreement with
angle between the chevron tails. previous observatiorfs:®®

So far, importance of the refraction effect on the electron Kinematical calculations of RHEED patterns from an
diffraction from nanostructures has not been recognizednAs dot, 1 ML InAs wetting layer, and semi-infinite
widely. In the present study, we will propose an interpreta-GaAg001) substrate system were carried out. The atomic
tion that refraction at the dot surface induces the chevromstructure of the system was relaxed by minimizing the
spots whose tails always appear in the lower takeoff angl&tillinger-Weber strain enerdy:*? In Fig. 2a), a relaxed

III. RESULTS AND DISCUSSION
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FIG. 1. Typical RHEED patterns of InAs quantum dots on
GaAgq00]) {(a) and(b)} and on InAlAs/InR001) {(c) and (d)} ob-

served a{110] and[lTO] azimuths.

atomic structure of a domelike d@ase diameter is 17 nm
is shown along the (1) cross section illustrated by hatch-

ing in the inset, where the center and the area of each circle position // [110] (um)
indicate the position and the partial strain energy of the cor- o0coococoo
. . . . 0000000000 O ©
responding atom. The partial strain energy of each atom is 0000000000000 0
. . 0000000 0OO
defined as the summation of half of the energy produced by ©0000000000000CO0O

the bond-length modifications of the four bonds around the

atom and all of the energy produced by the bond-angle modi-

fications of the six bond pairs around the atom. Surface re- A AN R KR

construction was ignored and surface dangling bonds Were 4% e s e e e e e e e e e s e e . . .7 0% %% %00 . L

not taken into account. Therefore, the strain energy of a sur- _

face atom is small not only due to freedom in outward dis- FIG. 2. (110) cross section of the relaxed atomic structure of a

placement but also due to reduction of the number of bondglomelike InAs dot(base diameter 17 nml ML wetting layer, and

A periodic boundary condition of a square in-plane superlatﬁapfsl(ooj-) substr.ate(a) F:enter and area of each C|r.cle indicate the

tice, whose boundary of the wetting layer and the substrate ig_osmon and partial stra_ln energy of the cor_respondlng _atom, respec-

the same as shown in Fig(é}, was assumed and the sub- tively. (b)_Map c_)f atomic positions where interlayer dls,_tances be_-

strate layers below the layers shown in Figa)avere fixed at twee_n neighboring layers shr_lnk by 1.3 A an_d the vertical _scale'ls

their bulk positions. Around the InAs/GaAs interface atomsten times larger than the horizontal one to.d's.play the vertical dis-
' lacements clearly(c) Area of each circle indicates local hydro-

at the center of the dot move upward and atoms at the edde_ - . : .
of the dot move downward as shown in FighR i.e., the i%atlc strain of the corresponding cation atom surrounded by four As

. . . toms. Open and closed circles represent compressive and tensile
interface bends to reduce the misfit strain of the uncappeat P P P

dot since there is a free space above the dot. The heightram’ respectively.
difference between the higheétentej and lowest(edge
atoms in the base In layer is about 0.5 A. Figute) 2lis- have little influence on the pattern when net coverage of the
plays local hydrostatic strain distribution around each catiorflots smoothed to be 2D layer exceeds about 1 ML, i.e. the
atom calculated from the relaxed atomic coordinates usindPtal volume of the dots is equivalent to 1 ML of deposited
the method of Ref. 13. The substrate atoms below the centépaterial. All patterns shown here are calculated for the dot
of the dot are under tensile strain due to the bending whil€overage of 1 ML at glancing angle 1° to the substrate.
those around the edge of dot are under compressive strain. Figures 3a) and 3b), respectively, show calculated pat-
This strain distribution around an uncapped dot is in contrasterns af 110] azimuth for a{113-facet dot and §114}-facet
with the compressive hydrostatic strain of the substrate atdot, whose base length is 16 nm. Similar patterns are also
oms just below the center of an InAs dot capped by a GaAsbtained af110] because the dots have isotropic shapes. In
layer:13 Fig. 3, the bottom line of each pattern corresponds to the
The atomic scattering factors of electron calculated byshadow edge and the weak 10% intensity levels occupy 90%
Doyle and Turnéf were used in the kinematical calcula- of the gray scale levels to enhance the weak structures. It
tions. Debye-Waller factors were evaluated assuming isotromust be noted that the strong reflections in the observed
pic rms thermal vibrational amplitude of 0.2 A for all at- patterns are also saturated. There are faint oblique streaks,
oms. Attenuation of the electron beam is taken into accounivhose direction is nearly perpendicular to the corresponding
by considering total number of atoms per area above a scafacet’® However, the observed characteristic shape of the
tering atont, Therefore, the absorption coefficient of the chevron is not reproduced by the facet-originating streaks.
electron beam in the dot layer is proportional to the dot den- On the other hand, it has been observed that refraction of
sity and scattering from the two-dimension@D) layers the electron beam at surface causes some shifts of the Bragg
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(©) [110] (d) (110] FIG. 4. Schematic top and side views of electron beam refrac-
A * tions at facet(@) and domelike(b) surfaces and scatterings in the
A - A ‘ ‘ dots.
‘ | _ surface-parallel component of the wave vector. The wave
_ vectork inside the solid is given by
(e) [110] ® 004 [110]
, ]T3 ‘ 113 kS:kv+(\/(kv'n1)2+2mﬁ72U0_kv'ni)ni ’ (1)
| | | wherek, is the wave vector in vacuunm: is the normal
| 002/ vector of the surfacéoward solid for an incident beam and
toward vacuum for an outgoing bearat the point of inci-
o) [110] (h) | 11101 dence or exit. First, the points of incidence and exit are cal-
A A culated from the position of each scattering atom, and then
' A wave vectors inside and scattering angle at the atom are cal-
Q f A Q ! 4 culated for the given incident and out-going wave vectors in
h \ A A vacuum.
- Figure 3c) shows a pattern calculated with the refraction
i) [110] G) [110] effect for a domelikgpart of sphergdot, whose base diam-
eterd is 16 nm and heighth is 2 nm. In spite of the absence
of any facets, the spots have chevron shapes which agree
well with the observed ones except for the weak fringes be-
‘ ‘ low the chevron tails. These fringes are due to a size effect
— and the distance between the fringes become narrow with
[ [ = increasing dot size just like the Laue fringes of thin-film
() H0] o (0] x-ray diffraction. In the superposed pattern of Figd)3with
, ? variousd from 8 to 16 nm at the sam@d ratio, the fringes
; i . Ll become less visible. The calculated chevron tails of the
| A domelike dot have much stronger intensity than the facet-

originating streaks surveyed by the gray scale change. More-
FIG. 3. Calculated RHEED patterns of InAsxcept (g) of over, it was confirmed that the tails disappeared, if the re-

fractions were not included in the calculations.
Ing <G s and(h) of GaAg quantum dots grown on GaA) . .
05CA h) § qua . g D. The appearance of the tails due to the refractions at a
for several shapes §t10] and[ 110] azimuths:(a) {113-facet dot, curved surface can be understood as follows. At the incident
(b) {114}-facet dot;(c) and (d) domelike dot;(e), (f), (g), and (h) )

. — ) ) and exit points on the dot surface, the electron beam is re-
domelike dot truncated big14) and (114) facets{(i) and(j) dome- g5 0aq inpa manner attracted into softtie side views in Fig.
like dot elongated alon§110]; (k) and (I) {136}-facet dot. Sche-

_ cd al ; == 4) as Eq.(1). As a result, the scattering angle observed in the
matic top and s_lde views of each dot are shown on the right side of 5 ~,um is always smaller than that in the solid and the po-
the corresponding pattern. sition of a Bragg spot observed in the vacuum always shifts
to lower takeoff angle side although the shift depends on the

reflection peaks in a RHEED rocking curve and that the shifsurface normal vectors at the entrance and exit of the elec-
increases up to about 1° with decreasing glancing angle tgon beam. When the normal vector at the dot surface is out
0°.1® Since the dot surface is not parallel to the substrate the incident plane of the beam to the substfatg., path
surface, the glancing angle of the electron beam to the dat, 3, 4, and 5 in Fig. % the substrate-parallel direction of the
surface is generally position dependent. Therefore, it is poselectron beam is also shifted and the refracted beam is
sible that the refraction causes serious modifications in ghunted to the oblique chevron tail direction. In addition,
RHEED pattern. since the normal vector of the domelike dot surface inclines

The electron beam, whose wave numbek,jsn vacuum,  continuously from the top to the base, the refracted beam
is accelerated in a solid with positive mean inner potentiabirection has a continuous distribution to form the long chev-
Uy, which is 15 eV for InAs evaluated from the atomic scat-ron tail. The wave length of 20 keV electron is about
tering factor$® and volume density of atoms. As a result, the0.087 A and the envelope surface of dot looks flat enough in
wave number inside the solid becomesks this scale to define the direction of refraction at a certain
= \/kv2+ 2m# U, and the beam is refracted to conserve thepoint. Therefore, as shown in Fig(d3, it is most probable
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that the chevron spots are originated from the refractions of
electron beams at the incident and exit points on a curved
surfacet’ In this model, the angle between the chevron tails
depends on the steepness of the doimel (ratio); the angle
becomes large when the dome becomes steep.

In the calculations of Figs.(d and 3b), the refraction

effect was also included. However, since the_311and

(114) facets incline about 25° and 20°, respectively, from F|G. 5. AFM images of 1.7 ML InAs grown on Gaf@01) (a)

the (001) substrate, the shift of the beam directio{ 410]  and 4.4 ML InAs grown on InAlAs/Inf001) (b). The coverage of

incidence is only about 0.05° normal to the substtptth 1 INAS includes the wetting layers.

in Fig. 4 and consequently no refraction-induced oblique

tails appears in this case. Here, separation between the neigbds because mean inner potentials of InAs and GaAs calcu-

boring integer-order reciprocal rods E\lTO] azimuth is lated from the atomic scatter?ng factor; are almost identical

1.24° at 20 keV. Furthermore, incident flux density torf}L1 to be 15.3 eV; both the atomic scattering factor and_volume

and (11n) side facets is negligible at thel 10] incident of In are Iarger t_han those of Ga. Therefor_e, _the main effect

azimuth because of a small glancing angle of RHEED of the |nFerd|ffu5|on on the RHEED pattern is mduc_ed by the
The isotropic domelike dot, however, disagrees with th contraction of the dots, which causes upward shifts of the

anisotropy of the RHEED pattern shown in Fig. 1; Similar ragg spots at the same glancing angle of the electron beam,

chevron pattern appears also[410] azimuth. When a dot slight outward shifts of thg side_spots such as 113 ah8l, 1 _
has domelike surface at tHi&TO] and [TlO] azimuths and and the reduction of the intensity asymmetry between their
tails. These trends can be confirmed by comparing Fig@g. 3

steeper single or a few facets facing ##0] and[110]  ang 3h), which show calculated patterns for the anisotropic
azimuths, the refractions are less effectiv¢ 0] azimuth.  yyncated domelike dots composed of #6a, sAs and GaAs,
Figures 8¢) and 3f) show calculated RHEED patterns at yespectively, with Fig. @). Here, the size of the dot for Figs.

[110] and[110] azimuths, respectively, for the anisotropic 3(g) and 3h) are fixed and the fringes due to the size effect

domelike dot which is truncated by thd14) and (114)  appear; The base diameter algiglO] is 16 nm, the base
facets. Here, patterns for various sizes with the same ddéngth along110] is 10 nm, and the height is about 2 nm.
shape are superposed to reduce the fringes due to the sizeThe anisotropic truncated domelike dot also agrees with
effect; the base diameteralong[110] is varied from 12to the observations of the InAs/Ga@®1) dots by scanning
20 nm whileh/d is about 1/8 anav/d is about 5/8, wherés  tunneling microscopéSTM) in ultra high vacuunt’?* the
is dot height andv is base length alonfgL10]. Both patterns dots are longer along110] than along[110]. Figure 5
agree fairly well with the observed patterns. This indicatesshows ex situ AFM images of the InAs/GaAs and InAs/
that the key point to reproduce the chevron spot is the curvethAlAs/InP dots. The anisotropy is not so obvious in Fig.
surface of dot facing t6110] and[110] azimuths. 5(a) possibly and partly due to the tip convolution and oxi-
The asymmetric intensity distribution in each of the simu-dation effect on the small dots or difference on growth con-

lated 113 and 13 spots is, however, much more remarkableditions such as HI/V flux ratio. On the other hand, the InAs
in Fig. 3(f) than the observed one. The asymmetry is alsdlots on INAIAs/INRO01) are larger beciuse of lower lattice
visible in Figs. 3c) and 3d). If the lateral expansion of the Mmismatch and clearly elongated alofiyl0] as Fig. §b) in
dots due to the strain relaxation is inhibited in the calcula-2greement with a previous repéftFurthermore, inhomoge-
tions, the simulated spot shapes become almost symmetritgity in shape and size seems more pronounced. From these
both for the domelike dot and for tH&14}-truncated dome- inhomogeneous dots, the chevron pattern is also observed as
like dot. Therefore, the enhancement of the inner (stilort ~ Fig. 1(d). Figures 3i) and 3j) show calculated RHEED pat-
in reciprocal spacein the calculations is possibly related terns superposed with several elongated domefjiat of
with the inhomogeneous increadeng in real spaceof lat-  ellipsoid) dots whose base diameter aldriglO] d (16 to 29
eral atomic distances by the strain relaxation in the dot; imm) is two or three times larger than that alofifLl0] and
the region where the refraction shifts are substantial to fornh/d is in the range from 0.024 to 0.053. Since the cross
the tail, i.e., in the vicinity of the top of the dot, the lateral section of the elongated dome normal to fh&0] azimuth is
relaxation is also large. We expect that the spot shape asyndroad, the angle between the chevron tails is very small and
metry would be reduced by the multiple scatterings of thethe two tails overlap af110] azimuth. Though the set of
electrons among the 113123, and other beam@nixing of ~ shapes and sizes of the dots was not optimized, the calcu-
different spot shapgswhich are not included in the present lated patterns reproduce the anisotropy and the basic features
calculations. in the observed patterns of Figs(cl and id) fairly well

It must be noted that the asymmetry would be reduced t@xcept for the disappearance of the 002 spot hiding below
some extent also owing to the strain mediation brought abouhe shadow edge 4t110] because of the large substrate-
by the incorporation of Ga into the dots from the GaAsnormal refractions at the relatively flat dot surfaces.
substraté®~2°Although, we ignored the cation interdiffusion  Finally, the{136}-facet dot, which was proposed in Ref. 6
for simplification, its effect on the refractions is not so seri-and is also anisotropic, was examined as shown in Fi@3. 3
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and 31). The base length alor[gTO] is 16 nm, which istwo however, probably caused by the smaller free energies per
times larger than that alorig10]. The electron beam is also area of the (1d)-oriented facets than those of the
refracted partly parallel to the substrate because the normél 1n)-oriented facets under the conventional l11/V flux ratio.
vector of the{136} facets is out of the incident plane like the ~ The shapes of the self-assembled InAs nanostructures
path 2 and 3 in Fig. @). In fact, the refraction effect parallel grown on the lower misfit InAlAs, InGaAs, and InP sub-

to the substrate is obvious &110] incidence since the Strates strongly depend on the morphofGgwnd growth
glancing angle to the facets at this azimuth is smaller thafethod” of the buffer layers and sometimes become wire-
that at[110]. However, since the surface normal vector islike structures though the lattice misfits to InAs are the same.
fixed on a single facet, the extension of the tails due to re/As shown in Fig. $0), the InAs dots on InAlAs are large and
fraction is limited in contrast with the domelike dots. If the almost fully cover the surface because of the relatively small

top and the ridges annblTO] of the {136-facet dot are influencg of the strain energy upon dot size and shape com-
rounded to a certain extent, the tails presumably would bgared_wrth the surface energy. Conseqqently, most of 'the
longer. Another possibility is a mixture of different shapesdepos'ted atoms fall on the |slangs and diffuse on the aniso-
such as{136}, {125}, etc. In fact,{125-facet dots were ob- tropic terraces elongated alofd10] and captured at the
served by STM! In this case, the long tails are expected to[110] or[110] ends. Thus, it is suggested that the shapes of
be composed of various refraction shifts at different dotsthe InAs nanostructures on substrates with smaller lattice
However, the formations of th§l25-facet dots seems to mismatch are more strongly controlled by the kinetics.
be exceptional cases which depend on their local
environmentg! IV. CONCLUSIONS

We consider that the most probable models for the InAs

. . — It was demonstrated that the refractions of electron beam
dots which can reproduce the chevron tails of fiel0]

. at the curved surface of dot can reproduce the chevron spot.
"Ye examined anisotropic InAs dots which havedomelike

[110] and[110] azimuths. Moreover, the dot surfaces fac- surfaces at th@lTO] and[TlO] azimuths and facets facing

ing [110] and [110] azimuths must be steeper than they, 110 and[110] azimuths andii) domelike surface elon-
former surfaces to suppress the refraction effect and to repro- —

duce the oval spots of thil10] patterns. In this kind of 9ated alongi110]. Kinematically calculated RHEED pat-

models, the dot has more step kinks, which capture adatom€ns for these models agree fairly well with observations at
on the former surfaces than on the latter surfaces. This impoth[110] and[110] azimuths. These results pointed out the
plies that the dot grows more rapidly fd10] and [110] importance of the refraction effect in the analysis of electron

directions and enhances the shape anisotropy further durirfgffraction from certain kind of nanostructures.
growth. The narrow size distribution of the highly strained
dots can be attributed to the strain-induced kinetic barrier at

the dot edge (suppression of the growth after the  one of the author¢T.H.) acknowledges support from
nucleation.=> The initial preferential formations of the Nippon Sheet Glass Foundation for Materials Science and

straight terraces alonpl10] on the critical-size dots are, Engineering.
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