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NEW INSIGHTS INTO THE KINETICS OF THE STRESS-DRIVEN 2D TO 31) 

TRANSITION 

K. M. Chen, D. E. Jesson, S. J. Pennycook, T. Thundat, and R. J. Warmack, 

Oak Ridge National Laboratory, Oak Ridge, TN 37831 -603 1. 

We have systematically investigated the morphological evolution of 

Geo.sSio.5 strained films during post-growth annealing. The changes of the 

surface structure are found to follow the kinetic route of strain relaxation at 

different stages. A number of interesting features are revealed, which 

include the existence of an energy banier to the 2D/3D transition, and a self- 

limiting effect in the growth kinetics of strained 3D islands. We demonstrate 

that the annealing approach provides a new way to grow coherent islands 

with uniform size. 
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I. INTRODUCTION 

It is well known that flat strained films are inherently unstable against the development of 

surface undulations, i.e. the formation of three-dimensional (3D) islands. This 2D/3D transition or 

so called Stranski-Krastanow type growth provides an in situ approach to the fabrication of 

semiconductor quantum dots1 and/or quantum wires.2 The success of this method critically relies 

on our ability to control the size and/or shape of coherent islands, as their optical and electronic 

properties sensitively depend on these pararneter~.~ Although a remarkably narrow distribution of 

island sizes has been observed on strained systems such as lnAs on GaAs, the mechanism for the 

observed uniformity in island sizes has not been well understood. Therefore, it is very important to 

investigate the kinetics and energetics of the stress-driven 2DDD transition or 3D island growth. 

Many previous studies have focused on island growth during deposition, in which the high 

supersaturation could complicate the issues concerning the strain effect on island growth. Here we 

have canid out a different approach, in which island nucleation and growth were induced by post- 

growth annealing. Such studies have revealed a number of surprising features reflecting the 

interplay between kinetics and energetics during island growth, such as the existence of an energy 

barrier to 3D island nucleation, multiple kinetic routes for 2D/3D transition, and a self-limiting effect 

in the growth kinetics of strained 3D  island^.^ 

In this report, we present detailed experimental results on the kinetics of the 2D/3D 

transition of Ge0.5Si0.5 strained films during post-growth annealing. The strain relaxation process 

has been systematically studied and associated with the evolution of surface structure. We 

demonstrate that the annealing process, with careful control of the transition, is an alternative 

approach for the growth of coherent islands of uniform size. 

\ 

11. EXPERIMENT 

In this study, all samples consist of a 2 nm thick Geo.sSio5 strained layer, which was f m t  

grown on Si(OO1) by low temperature molecular beam epitaxy. The growth was carried out in a 
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custom-design MBE system. Substrates are nominally flat Si( 100) wafers. A well ordered (2x1) 

Si(oO1) surface was prepared before the Geg.5Sb.5 thin film was deposited on the surface at 400°C 

with a growth rate of 0.2 A/s. The planar strained films exhibited a streaky (2x1) reconstruction 

reflection high energy electron diffraction (RHEED) pattern. After the growth terminated, we 

annealed each sample at different temperatures, while simutaneously monitoring its RHEED pattern 

to obtain real time information on the surface structure evolution. The 2D/3D transition was induced 

by post-growth annealing, and each sample was quenched to room temperature from different 

stages of the transition. The sample was then taken out of chamber for atomic force microscopy 

( A M )  measurements, which provided complementary infomation on the detailed structure of 

surface morphology. AFM images were acquired using tapping-mode AFM (Digital Inst., Santa 

Barbara, CA) in a dry, helium-filled glove box. 

111. RESULTS AND DISCUSSION 

Combined RHEED and AFM measurements have revealed the evolution of surface 

morphology at different annealing temperatures, which provides new insights into the kinetics of 

island growth. Interestingly, the change of the surface structure or morphology follows a sequence 

of strain relaxation processes occurring fust at the film surface, then at the bulk film and finally at 

the film-substrate interface. The relaxation process can be loosely divided into the following four 

stages: 

A. INITIAL STRAIN RELAXATION VIA SURFACE RECONSTRUCTION 

Upon the initial annealing at the temperature between 450 and 55OoC, the planar strained 

film underwent a surface reconstruction change from (2x1) to (2x8), as shown in Figure 1. This 

structure change only involves the topmost atomic layers, while the overall surface morphology was 

still two-dimensional or planar as measured by A M .  Furthermore, the RHEED pattern became 

much sharper with the annealing, which indicates the improved ordering of the surface atomic 
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It has been shown that the (2xn) reconstruction on the (001) surface can be caused by 

external thermal stress or ~ontamination.~ Hence we paid strong attention to such possibilities. We 

annealed a Si(OO1) surface as well as a strained surface of 2 nm thick Geo.5Sio.s layer grown on 

Ge(OO1) with the same annealing condition or procedures. However, no (2xn) reconstruction (n>l) 

was observed. In the former case, the surface involved no misfit strain, while the film surface was 

subject to 2% tensile strain in the latter case. The facts indicate the observed (2x8) reconstruction 

was induced by the 2% compressive strain in the Geo.sSios/Si(OOl) film, rather than contamination 

or external thermal stress. 

Recent STM measurements have shown that the (2xn) surface of a strained Ge,Sil-, film 

actually consists of missing dimer rows per every n surface dimer rows.6*7 The rebonding of the 

second-layer atoms in the missing dimer rows provides a large tensile stress to cancel the 

compressive stress of the strained film, as well as the anisotropy stress arising from the 2x1 dimer 

reconstruction of the surface.8 Hence the surface elastic energy is reduced by the formation of the 

rebonded missing dimers in the compressively strained Geo5Si05 films. Strain relaxation therefore 

takes place first on the film surface via surface atomic reconstruction, i. e. the formation of periodic 

missing dimer rows. 

B. ELASTIC RELAXATION VIA 3D ISLAND NUCLEATION 

Though the surface stress is relieved significantly through the first stage, the misf i t  stress in 

the bulk film is still large, which thus can induce the next stage of strain relaxation via the 2D to 3D 

transition or the formation of 3D islands, as shown in Fig.2 and Fig.3. Energetically, the 3D island 

morphology allows the elastic deformation or relaxation on a macroscopic scale which can 

efficiently relieve the large misfit stress stored in the bulk film. If the film is defect-free with no 

heterogeneous nucleation sites for misfit dislocation, the energy barrier for dislocation nucleation is 

large. Consequently, if the formation of 3D structure is kinetically accessible, then strain relaxation 

will proceed via 3D islanding before the nucleation of misfit dislocation. Although the energetics of 

3D islanding is well understood, the understanding of the kinetics of 2DDD transition is very 
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limited. There is still much controversy surrounding the subject of whether an energy barrier exists 

to the 2D/3D transition2.9 and if so, whether the origin of this barrier can be interpreted in terms of 

the energies of steps or faceted surfaces.lO Our study provide answers to these fundamental 

questions. 

It has been well known that a surface with 3D faceted islands displays a spotty and chevnsn- 

like N E D  pattern as seen in the fig.2. By real-time monitoring of the appearance of the chevron- 

like RHEED pattern, i t  is possible to directly monitor the onset of the 2D/3D transition during the 

annealing process. We have measured the transition as a function of temperature, and surprisingly it 

shows a sharp transition upon annealing at a temperature above 560OC. Below 56OoC, no transition 

is observed for the anneal period as long as 2 hours. Such sharp temperature dependence is not 

expected from the temperature effect on surface diffusion if the rate-limit step in the transition is 

determined by the mass diffusion. From AFM measurements on the transition samples, we 

observed a strong temperature dependence of number density of 3D islands. Most interestingly, we 

revealed that the initial islands do not have well developed facet structure but evolve continuously 

in lateral island size and (mean) inclination angle 0. { 501 } type faceting was found to dominate 

only at the late stage of island growth. 

These experimental results indicate that the rate-limiting step in the transition process arises 

from an energy barrier to the transition, rather than the mass transportation via surface diffusion. 

However, the energy barrier exists before the discrete (501 } faceting occurs. To interpret these 

observations, we have incorporated atomic steps into the kinetic model of the 2D/3D transition, and 

calculated the islqnd energy as a function of island size and angle 6.4 An energy barrier region is 

found to exist along the pathway of island growth, even when the island surfaces are not 

necessarily faceted. We stress that the physical origin of the barrier can be interpreted in terms of 

positive step (creation) free energy. The energy barrier strongly depend on temperature and misfit 

strain, which can explain the puzzling experimental observations, such as the observed sharp 2DDD 

transition, and the dependence of 3D roughening on the magnitude and sign of the misfit strain. 
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C. FURTHER RELAXATION VIA ISLAND GROWTH 

Additional strain relaxation is achieved by further growth of the islands upon continuous 

annealing. Considering the unstable 2D strained film as an adatom reservoir, one can easily see that 

the reservoir will continuously provide the adstoms for the growth of islands until the epilayer 

depleted down to the wetting layer. In other words, the islands will continue to grow until the 

wetting layer is exposed. This scenario was confirmed by our experiments, which additionally 

revealed a surprising uniformity of the faceted island sizes for anneals just above the transition 

temperature. However, initially islands were found to have a broad size distribution. This suggest 

that there exists a self-limiting behavior at later stages of island growth, i.e. the resistance of large 

islands to further growth. As a result, small islands grow faster than large ones, and can catch up 

the sizes of the large islands, thus narrowing the overall size distribution. We have proposed a 

kinetic mode1 to explain this behavior, in which the local stress concentration at island lower edge 

restricts the rate at which adatoms from the the 2D reservoir incorporate into 3D islands via surface 

diffusion.11 

A narrow distribution in island sizes is a crucial factor in the fabrication of quantum dots. 

Our preliminary results demonstrate that the annealing approach can provide a new way to attaining 

coherent islands with a monodisperse size distribution. 

D. RELAXATION VIA DISLOCATION INTRODUCTION 

Although the formation of 3D islands relieves the strain energy and consequently delay the 

introduction of misfit dislocation, they also build up a local stress concentration with their growth 

via adatom diffusion and/or island coarsening. The high stress concentration consequently provides 

a preferred nucleation site for misfit dislocations at the lower edge of islands. Such relaxation of the 

misfit strain via dislocation nucleation was found to occur during annealing at a much higher 

temperature, 68OOC or above. Fig. 4 shows the coexistence of coherent islands and incoherent 

islands on the sampie annealed at 680°C for 10 minutes. The dislocated islands appear ineguIarly 

shaped in the image, and with their average sizes around 200 nm in diameter, and 15 nm in height. 
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The small coherent islands have the average sizes around 35 nm in diameter and 2 nm in height. The 

large difference in island size and shape between coherent and incoherent islands can be easily 

understood from the thermodynamics of island growth. When the dislocations are introduced into 

an island, a Iarge amount of misfit strain is relieved, and consequently the chemical potential of the 

island is reduced. In other words, the incoherent islands are prefered sinks for adatoms than the 

coherent islands. As a result, the incoherent islands grow much faster that the coherent ones before 

the adatom reservoir is exhausted, and may even grow at expense of small coherent islands during 

the late stages of island coarsening. 

IV. SUMMARY 

We have systematically studied the surface structure change of Ge&io.s strained film in 

response to the different stage of strain reIaxation.'Our results provide important new insights into 

the kinetics of stress-driven 2D/3D transitions which are of general applicablility to all strained 

epitaxial systems. The post-growth annealing approach can be used to control the 2D/3D transition 

to attain a uniform size distribution of coherent islands, which may provide a new way to form 

quantum dots for optoelectronic device applications. 
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Figure Captions 

Fig. 1, MEED pattern from the strained Gw.5Sio.s film surface (a) before annealing; and 

(b) after anneding at 550OC for 10 min. The incident electrons in both patterns are parallel to 

[110] azimuth direction of the (001) surfaces. The additional streaky spots near each integer 

order spots in the pattern (b) originate from the periodic missing dimer rows of the (2x8) 

structure. 

Fig.2, RHEED pattern from a strained Gw.5Sb.5 film surface annealed at 600°C for 10 

minutes. The incident electrons in pattern (a) and (b) are parallel to I1 101 and [OlO] azimuth 

directions, respectively. The additional chevron-like spots in the both patterns indicate the 

existence of faceted 3D islands on the surfaces. 

Fig.3, AFM image of a strained Gw.5Sb.5 fiIm which was annealed at 585OC for 6 minutes. 

The scan size is 2x2 pm2. Note the uniformity of isIand sizes with their average sizes of 

around 40 nm in lateral direction and 5 nm in height. 

Fig.4, AFM image of a strained Gq.5Sh.5 film which was annealed at 680°C for 10 

minutes. The scan size is 5x5 p n 2 .  The large, irregularly shaped islands are incoherent, 

while the small  islands are still coherent. 
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