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Shape transition of coherent three-dimensional „In,Ga…As islands
on GaAs „100…

Wenquan Ma,a) Richard Nötzel,b) Hans-Peter Schönherr, and Klaus H. Ploog
Paul-Drude-Institut fu¨r Festkörperelektronik, Hausvogteiplatz 5-7, D-10117 Berlin, Germany

~Received 13 August 2001; accepted for publication 26 October 2001!

The shape transition of coherent three-dimensional~3D! islands is observed experimentally in the
~In,Ga!As/GaAs~100! material system. In the molecular-beam epitaxy of a 1.8-nm-thick
In0.35Ga0.65As single layer, we find that the shape of the coherent 3D islands transforms from round
to elongated when increasing the growth temperature. A quantitative agreement of our experimental
data with the theoretical work of Tersoff and Tromp is achieved. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1428107#
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For Stranski–Krastanov systems, uniform tw
dimensional~2D! layers can relax by undergoing a morph
logical change of the surface profile without generat
dislocations.1,2 This strain-induced morphological instabilit
results in the formation of coherent three-dimensional~3D!
islands whose shape is usually isotropic or elongated. Th
has been great interest in the shape of these islands fo
direct synthesis of quantum dot and quantum wire structu
which have unique applications for novel optoelectronic
vices. We have recently demonstrated formation of a qu
tum wire structure based on elongated islands in
~In,Ga!As/GaAs~100! material system.3 On the other hand
Tersoff and Tromp4 predicted that a shape transition shou
occur for 3D islands if the growth of the island height
kinetically limited. Subsequent theoretical work has sho
that such a shape transition is a common feature for both5

and 2D6,7 islands, which was confirmed for CoSi2 on
Si~100!.8 However, to the best of our knowledge, the sha
transition has so far not been reported experimentally
III–V semiconductor systems. Moreover, experimen
routes to reproducibly realize the shape transition are te
nologically important.

In this letter, we demonstrate the shape transition of
~In,Ga!As islands grown on GaAs~100! by molecular-beam
epitaxy. For 1.8-nm-thick~In,Ga!As single layers, we show
that the formation of 3D islands is a kinetically limited pr
cess. The shape transition is realized by changing the gro
temperature. A good agreement is obtained between our
perimental data and the theoretical work of Tersoff a
Tromp.4

Three 1.8-nm-thick~In,Ga!As single-layer samples wer
grown on GaAs~100! substrates with miscut smaller tha
0.05° at temperatures of 540, 475, and 430 °C. After
native oxide was desorbed from the GaAs substrate sur
at 580 °C, a 110-nm-thick GaAs buffer layer was grown b
fore the substrate was cooled down to the temperature
~In,Ga!As deposition. The In mole fraction was calibrated
x-ray diffraction of an~In,Ga!As/GaAs superlattice sampl
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grown continuously at 540 °C. The In mole fraction is 0.
and the As4 to Ga flux ratio is about 5. The growth rate o
GaAs and In0.35Ga0.65As is 0.235 and 0.3615mm/h, respec-
tively. Characterization of the surface morphology was p
formed by atomic force microscopy~AFM! in contact mode
in air with a 75mm scanner.

Figures 1~a!, 1~b!, and 1~c! depict the AFM top views of
the In0.35Ga0.65As single-layer samples grown at temper
tures of 540, 475, and 430 °C, respectively, revealing
formation of 3D islands. At relatively low growth tempera
tures @Figs. 1~b! and 1~c!#, round-shaped islands are ob
served, whose size increases with increasing the growth t
perature. The average island diameters are about 28 nm@Fig.
1~b!# and 18 nm@Fig. 1~c!#, respectively. In contrast, a
540 °C @Fig. 1~a!#, the islands are elongated. For most
lands, the length to width ratio is about 6 with the isla
width of about 40 nm. This demonstrates that, for fixed
mole fraction and layer thickness, the size and, most imp
tantly, the shape of these dislocation-free islands~see Ref. 3!
are varied by solely changing the growth temperature. Si
the growth temperature directly governs the surface diffus
length, this is a first indication that the formation of the
coherent In0.35Ga0.65As islands is a kinetically limited
process.9 To compare, we grew a 1.8-nm-thick~In,Ga!As
single-layer sample with larger In mole fraction of 0.45
540 °C. The AFM image@Fig. 3~a!# of this sample reveals
almost round-shaped islands. Thus, for a certain growth t

lle,

n
FIG. 1. AFM top views of the 1.8-nm-thick In0.35Ga0.65As single-layer
samples grown at 540~a!, 475 ~b!, and 430 °C~c! on GaAs~100!. The
black-to-white height contrast is 3 nm for all images.
9 © 2001 American Institute of Physics
IP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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4220 Appl. Phys. Lett., Vol. 79, No. 25, 17 December 2001 Ma et al.
perature, the shape of the islands is also determined by th
mole fraction with larger In mole fraction~strain! favoring
isotropic islands.

The evolution of the~In,Ga!As layers for the three
samples was monitoredin situ by reflection high-energy
electron diffraction ~RHEED! with the incident electron
beam along@011#. Figures 2~a!, 2~b!, and 2~c! depict the
RHEED intensity taken from a window set in the bac
ground during deposition of the~In,Ga!As layers grown at
540, 475, and 430 °C, respectively, i.e., corresponding to
samples with the surface morphologies shown in Figs. 1~a!,
1~b!, and 1~c!. The RHEED intensity oscillations in the ini
tial deposition stage reveal layer-by-layer growth until ab
four ~In,Ga!As monolayers. Afterwards, the RHEED inte
sity oscillations become suppressed due to the onset o
island formation confirming the Stranski–Krastanov grow
mode. The intensity recorded from the background is do
nated by diffuse scattering.10 Therefore, when the growth
mode transforms from 2D to 3D, the background intens
continuously increases and finally stabilizes. The differ
background intensities for the three samples in the fi
growth stage shown in the inset of Fig. 2 clearly indicate
different surface morphology and we observe stronger
fuse scattering for larger island size at higher growth te
perature. The period of the RHEED intensity oscillations
the initial growth stage confirms that In desorption is neg
gible for growth temperatures below 540 °C.

It is surprising that we observe 2D growth only for th
first four monolayers of the 1.8-nm-thick~In,Ga!As layer
with In mole fraction of only 0.35. However, also this laye
by-layer growth is a kinetically limited process.11 For con-
stant lattice mismatch, the transition thickness from 2D
coherent 3D island formation increases with decreas
growth temperature, i.e., decreasing surface diffusion len
Correspondingly, the growth of a 1.8-nm-thick~In,Ga!As
single layer with the same In composition of 0.35 grown
330 °C is found to be 2D-like, as shown in Fig. 3~b!.

In the following we describe the shape transition of t
In0.35Ga0.65As islands within the frame of the theoretic
work of Tersoff and Tromp.4 The island energy per unit vol
ume can be written as

E

V
52GS 1

s
1

1

t D22chF1

s
lnS s

fhD1
1

t
lnS t

fhD G , ~1!

FIG. 2. RHEED intensity during the growth of In0.35Ga0.65As on GaAs~100!
at substrate temperatures of 540~a!, 475 ~b!, and 430 °C.~c!. The observa-
tion is along the@011# azimuth from a window set at the background. T
inset shows the same curves with low magnification.
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where E denotes the island energy,s, t, and h the width,
length, and height of the island, respectively, andV5hst the
island volume.u is the contact angle;G5ge cscu2gs cotu
with ge and gs the surface free energy per unit area of t
edge facet of the island and of the substrate, respectivec
5sb

2(12n)/2pm, wheren andm are the Poisson ratio an
the shear modulus of the substrate.f5e23/2cotu, andsb is
the bulk stress of the island. Corresponding to the thermo
namic limit,12 minimization of the energy per unit volum
E/V with respect to the island widths and lengtht by opti-
mizing the volume of the island results ins5t5a0

5efheG/ch, i.e., square-shaped islands. In contrast, fo
kinetically limited process with constant island heighth
which we show to apply for our experimental situation, min
mization of the energy per unit volumeE/V with respect to
the island shape for fixed island volume givess5t, provided
the area of the island is smaller thanea03ea0 . For larger
area, the island becomes elongated. This corresponds to
case where the adatom diffusion length is small enough
migration between islands can be neglected and depos
material only attaches to the nearest island. The island
then grow without bounds and, for a certain island volum
the island shape is determined by Eq.~1!. Hence, when the
island becomes large enough, the optimal trade-off betw
surface energy and strain energy causes transformation
elongated shape. The solid line in Fig. 4 shows the width
length of the island as a function of its area according to
~1!. The bifurcation point in Fig. 4 corresponds to the isla
area of (ea0)2 beyond which the island shape becomes el
gated.

Good agreement between the theory and our experim
tal data is obtained fora05280 Å. For the calculation, the
island heighth of 1.8 nm and the contact angleu of 9.3°, are
determined from AFM line scans. The appropriate refere
for gs for the Stranski–Krastanov growth mode is that of t
wetting layer. Thus, we usege557 meV/Å2 and gs

557 meV/Å2 ~see the following!. The elastic moduli of
In0.35Ga0.65As of C11510.59231011dyn/cm2 and C12

55.04231011dyn/cm2 are obtained by interpolating be
tween the data for GaAs and InAs13 according to the In mole
fraction. As a result, we getG54.63 meV/Å2 and a0

5281.4 Å. The closed circles in Fig. 4 correspond to t
experimental data determined from Fig. 1. Larger islan
could not be obtained for the present In mole fraction a

FIG. 3. AFM top views of the 1.8-nm-thick~In,Ga!As single-layer samples
with In mole fraction of 0.45 grown at 540 °C~a!, and with In mole fraction
of 0.35 grown at 330 °C~b!. The black-to-white height contrast for~a! and
~b! is 3 and 2 nm, respectively.
IP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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~In,Ga!As layer thickness due to In desorption upon furth
increase of the growth temperature.

Several important features should be considered w
comparing the model with our experimental findings. Fir
the island heighth is to be kept constant. In our approac
we realize the shape transition by deposition of a cons
number of monolayers of material at different growth te
peratures. In principle, coherent 3D strained islands
lower their strain energy by increasing their height. Howev
as discussed previously, if the increase in height is kinetic
limited, the island grows only laterally, i.e., the island heig
grows much slower than the width and shape transition
curs. Indeed, from the AFM images@Figs. 1~a!–1~c!#, the
average height of the islands corresponding to the sam
grown at different temperatures is relatively constant. Ev
at 540 °C, which is closer to thermal equilibrium, the isla
height only slightly increases, which is the key point f
understanding the observed shape transition. Second, the
face free energy of~In,Ga!As for arbitrary In composition is
not well documented in the literature. Therefore, the val
for the calculation are estimated from a linear interpolat
between the data for GaAs~100! and InAs~100! which are,
respectively, 65 and 44 meV/Å2 according to Refs. 14 and
15. Finally, the values ofge andgs are assumed to be equa

FIG. 4. The solid line shows the width and length of the island as a func
of the area calculated numerically according to Eq.~1!. The closed circles
are the experimental data points corresponding to Figs. 1~a!–1~c!. a0

5280 Å.
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This may be justified by the small contact angle of on
about 9.3° by considering the Wulff plot of the surface fr
energy with respect to the surface orientation.16

In summary, we have experimentally demonstrated
shape transition of coherent 3D islands in the~In,Ga!As/
GaAs~100! material system. A series of 1.8-nm-thic
~In,Ga!As single layers were grown on GaAs~100! at differ-
ent temperatures. The surface morphology of the sam
was characterized by atomic force microscopy and reflec
high-energy electron diffraction. The shape of the coher
3D islands transforms from round to elongated when incre
ing the growth temperature. This shape transition is und
stood by the theoretical work of Tersoff and Tromp. A qua
titative agreement is obtained between the theory and
experimental results.

Part of this work was supported by the Bundesminis
rium für Bildung und Forschung, and the NEDO NTDP-9
project.
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