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Shape transition of coherent three-dimensional (In,Ga)As islands
on GaAs (100)

Wenquan Ma,? Richard Notzel,” Hans-Peter Schonherr, and Klaus H. Ploog
Paul-Drude-Institut fu Festkaperelektronik, Hausvogteiplatz 5-7, D-10117 Berlin, Germany

(Received 13 August 2001; accepted for publication 26 October)2001

The shape transition of coherent three-dimensi¢8B) islands is observed experimentally in the
(In,GaAs/GaAg100 material system. In the molecular-beam epitaxy of a 1.8-nm-thick
Ing 3Ga g5AS 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 achieved2@1 American Institute of
Physics. [DOI: 10.1063/1.1428107

For Stranski—Krastanov systems, uniform two-grown continuously at 540 °C. The In mole fraction is 0.35
dimensional(2D) layers can relax by undergoing a morpho- and the As to Ga flux ratio is about 5. The growth rate of
logical change of the surface profile without generatingGaAs and lg3Ga& gsAs is 0.235 and 0.361m/h, respec-
dislocations- This strain-induced morphological instability tively. Characterization of the surface morphology was per-
results in the formation of coherent three-dimensioi3a) formed by atomic force microscogAFM) in contact mode
islands whose shape is usually isotropic or elongated. Theti@ air with a 75um scanner.
has been great interest in the shape of these islands for the Figures 1a), 1(b), and 1c) depict the AFM top views of
direct synthesis of quantum dot and quantum wire structurethe In, 35Ga, gsAS single-layer samples grown at tempera-
which have unique applications for novel optoelectronic detures of 540, 475, and 430°C, respectively, revealing the
vices. We have recently demonstrated formation of a quanformation of 3D islands. At relatively low growth tempera-
tum wire structure based on elongated islands in theures[Figs. 1b) and Xc)], round-shaped islands are ob-
(In,GaAs/GaAg100 material systerﬁ.On the other hand, served, whose size increases with increasing the growth tem-
Tersoff and Tromp predicted that a shape transition should perature. The average island diameters are about 2gign
occur for 3D islands if the growth of the island height is 1(b)] and 18 nm[Fig. 1(c)], respectively. In contrast, at
kinetically limited. Subsequent theoretical work has showns540 °C [Fig. 1(a)], the islands are elongated. For most is-
that such a shape transition is a common feature for both 3Dands, the length to width ratio is about 6 with the island
and 207 islands, which was confirmed for Cq@Sbn  width of about 40 nm. This demonstrates that, for fixed In
Si(100).8 However, to the best of our knowledge, the shapemole fraction and layer thickness, the size and, most impor-
transition has so far not been reported experimentally inantly, the shape of these dislocation-free islafsd® Ref. 3
-V semiconductor systems. Moreover, experimentalare varied by solely changing the growth temperature. Since
routes to reproducibly realize the shape transition are tectthe growth temperature directly governs the surface diffusion
nologically important. length, this is a first indication that the formation of these

In this letter, we demonstrate the shape transition of 3coherent 1g5:GagsAs islands is a kinetically limited
(In,GaAs islands grown on GaA%00) by molecular-beam processS. To compare, we grew a 1.8-nm-thidkn,GaAs
epitaxy. For 1.8-nm-thicKIn,GaAs single layers, we show single-layer sample with larger In mole fraction of 0.45 at
that the formation of 3D islands is a kinetically limited pro- 540 °C. The AFM imagédFig. 3@] of this sample reveals
cess. The shape transition is realized by changing the growthimost round-shaped islands. Thus, for a certain growth tem-
temperature. A good agreement is obtained between our ex-
perimental data and the theoretical work of Tersoff and
Tromp?

Three 1.8-nm-thicKIn,GaAs single-layer samples were
grown on GaAs(100 substrates with miscut smaller than
0.05° at temperatures of 540, 475, and 430°C. After the
native oxide was desorbed from the GaAs substrate surfac
at 580 °C, a 110-nm-thick GaAs buffer layer was grown be-
fore the substrate was cooled down to the temperature fo
(In,GaAs deposition. The In mole fraction was calibrated by == ™
x-ray diffraction of an(In,GgAs/GaAs superlattice sample

dpresent address: Physics Department, University of Arkansas, Fayetteville,

AR 72701; electronic mail: wgma@uark.edu FIG. 1. AFM top views of the 1.8-nm-thick nGa ¢As single-layer
Ypresent address: COBRA Inter-University Research Institute, Eindhovesamples grown at 54(a), 475 (b), and 430 °C(c) on GaA$100. The

University of Technology, 5600 MB Eindhoven, The Netherlands. black-to-white height contrast is 3 nm for all images.
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FIG. 2. RHEED intensity during the growth ofJgGa, ssAS on GaA$100) FIG. 3. AFM top views of the 1.8-nm-thickn,GaAs single-layer samples
at substrate temperatures of 540, 475 (b), and 430 °C.(c). The observa- with In mole fraction of 0.45 grown at 540 °@), and with In mole fraction
tion is along thg011] azimuth from a window set at the background. The ©of 0.35 grown at 330 °@b). The black-to-white height contrast f¢a) and
inset shows the same curves with low magnification. (b) is 3 and 2 nm, respectively.

perature, the shape of the islands is also determined by the {1€re E denotes the island energy, t, andh the width,
mole fraction with larger In mole fractiofstrain favoring  '€ngth, and height of the island, respectively, ahdhstthe
isotropic islands. |s!and volume.d is the contact angld; = vy, cscel— yscoto
The evolution of the(In,GaAs layers for the three with y, and 7y, the_ surface free energy per unit area (_)f the
samples was monitoreth situ by reflection high-energy edge facet of the island and of the substrate, respectively.

electron diffraction (RHEED) with the incident electron = 96(1~ »)/2mu, wherev and u are th_e3/§0|sson ratio and
beam along[011]. Figures 2a), 2(b), and 2c) depict the the shear modulus of_the substrafes e _cota, andoy, is
RHEED intensity taken from a window set in the back- the bulk stress of the island. Corresponding to the thermody-
ground during deposition of thén,GaAs layers grown at namic_limit,12 minimization of the energy per unit volume
540, 475, and 430 °C, respectively, i.e., corresponding to thE/V With respect to the island width and lengtht by opti-
samples with the surface morphologies shown in Figa), 1 MZINg Ehf volume of the island results is=t=a,
1(b), and Ic). The RHEED intensity oscillations in the ini- ='e¢'her ", i.e.,, square-shaped islands. In contrast, for a
tial deposition stage reveal layer-by-layer growth until aboutinetically limited process with constant island height -
four (In,Ga)As monolayers. Afterwards, the RHEED inten- Which we show to apply for our experimental situation, mini-
sity oscillations become suppressed due to the onset of 3fization of the energy per unit voluni/V with respect to
island formation confirming the Stranski—Krastanov growththe island shape for fixed island volume giwst, provided
mode. The intensity recorded from the background is domithe area of the island is smaller thaayx ea,. For larger
nated by diffuse scatterif§. Therefore, when the growth a'€a, the island becomes. elongated. Th!s corresponds to the
mode transforms from 2D to 3D, the background intensityc@se Where the adatom diffusion length is small enough that
continuously increases and finally stabilizes. The differenfhigration between islands can be neglected and deposited
background intensities for the three samples in the finaaterial only attaches to the nearest |s|an.d. .The island will
growth stage shown in the inset of Fig. 2 clearly indicate thén€n grow without bounds and, for a certain island volume,
different surface morphology and we observe stronger diffne island shape is determined by Eg). Hence, when the
fuse scattering for larger island size at higher growth temiSiand becomes large enough, the optimal trade-off between
perature. The period of the RHEED intensity oscillations inSurface energy and strain energy causes transformation into
the initial growth stage confirms that In desorption is negli-€longated shape. The solid line in Fig. 4 shows the width and
gible for growth temperatures below 540 °C. length of t_he |sla}nd asa f_unctllon of its area accordlng_to Eq.
It is surprising that we observe 2D growth only for the (2). The blfugcatlon pomt_ln Fig. 4 corresponds to the island
first four monolayers of the 1.8-nm-thickn,GaAs layer ~area of €ay)~ beyond which the island shape becomes elon-
with In mole fraction of only 0.35. However, also this layer- 9at€d. ,
by-layer growth is a kinetically limited proce$sFor con- Good agreement between the theory and our experimen-
stant lattice mismatch, the transition thickness from 2D tdf@l data is obtained foa,=280A. For the calculation, the

coherent 3D island formation increases with decreasingSiand height of 1.8 nm and the contact angdeof 9.3°, are
growth temperature, i.e., decreasing surface diffusion lengttfi€términed from AFM line scans. The appropriate reference

Correspondingly, the growth of a 1.8-nm-thickn,GaAs for vy, for the Stranski—Krastanov growth mode is that of the

single layer with the same In composition of 0.35 grown at"etting Iayzer. Thus, we usey.=57 meV/_Az and s
330°C is found to be 2D-like, as shown in Figbg =57meV/R (see the following The elastic moduli of
! _ 1
In the following we describe the shape transition of the'nOBSG‘aO-GFlA‘S1 of Cq;=10.59% 10" dyn/pmz and Cj,
INo 2Gay 6sAS islands within the frame of the theoretical = 2-042X 10" dyn/cnt are obtained by interpolating be-

work of Tersoff and Tromp.The island energy per unit vol- tween the data for GaAs and InRsiccording to the In mole
ume can be written as fraction. As a result, we gef’=4.63meV/R and a,

=281.4A. The closed circles in Fig. 4 correspond to the

E ot Coeniin +in (1)  ©xperimental data determined from Fig. 1. Larger islands
\% s t S h t \oh/| could not be obtained for the present In mole fraction and
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' ' T This may be justified by the small contact angle of only
~100L about 9.3° by considering the Wulff plot of the surface free
ul energy with respect to the surface orientatidn.

In summary, we have experimentally demonstrated the
shape transition of coherent 3D islands in ttie,GaAs/
GaAgq100) material system. A series of 1.8-nm-thick
(In,GaAs single layers were grown on Ga@A€90) at differ-
ent temperatures. The surface morphology of the samples
1 was characterized by atomic force microscopy and reflection
high-energy electron diffraction. The shape of the coherent

- '1“0 100 3D islands transforms from round to elongated when increas-
Island Area (a,%) ing the growth temperature. This shape transition is under-
stood by the theoretical work of Tersoff and Tromp. A quan-

FIG. 4. The solid line shows the width and length of the island as a functiortitative agreement is obtained between the theory and our
of the area calculated numerically according to Eq. The closed circles  experimental results.

are the experimental data points corresponding to Figa)—1(c). a,
=280A.
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(In,GaAs layer thickness due to In desorption upon furtherProject.
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