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1. Introduction
Ce films on Si substrates are promising candidates for the

fabrication of Si-based optoelectronic devices (e.g. strained-
layer superlattices or uniform quantum-dot arrays). On
Si(001) film growth proceeds by SK (Stranski-Krasranov)
mode, i.e. 3D islands nucleate on top of a several ML (mo-
nolayer) thick wetting layer. Whereas at temperatures below
800 K the initial 3D islands preferentially are small squuue
pyramids of uniform size distribution ('hut'-clusters') Il,2l,
at higher temperatures larger ('macroscopic') islands with
more complex facet stfuctures are formed [3]. In view of the
large misfit of about 4.1 Va, which coresponds to compressi-
ve misfit stress of -6.0 GPa, it is interesting that the 3D is-
lands of Ge are dislocation-free up to lateral dimensions as
large as l0O nm [3]. According to currenr rheory [4] and con-
firmed recently by x-ray diffiaction [5] the 3D islands partial-
ly relax the misfit strain by lattice expansion in upper layers.

Here we present in situ intrinsic stress measurements of
the SK system Ge/Si(OO1) up to the film thicknesses at which
the 3D islands percolate. confirmed by the structural resurts
of AFM (atomic force microscopy) and LEED (low energy
electron dif'fraction) direct information on onset and thick-
ness range as well as the strain relief of the three growth
stages of SK mode [(i) pseudomorphic layer-by-layer stage,
(ii) nucleation and growth and (iii) coalescence of 3D
islandsl is obtained.
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2. Experimental
The experiments were perfo4ped in a UIIV chamber with

base pressure better than I x 10-'" mbar. It is equipped with a
cantilever beam device for measuring the intrinsic film stress
continuously during film deposition and a four-grid LEED
optics for in situ control of the epitaxial film quality [6]. Ge
was evaporated out of boron nitride crucibles at deposition
rates of 0.008 + 0.002 nm/s and pressures better than 2 x l0-'
mbar. The Si(001) substrates were carefully outgassed at
1000 K for several hours and heated to I 150 K for 30
minutes in order to remove the oxide; sharp LEED patterns
of Si(OOl)(lx2) were routiney obtained. The absolute
substrate temperature which was controlled by a reference
thermocouple is accurate within +30 K, but the relative error
is considerably smaller (t5 K). The AFM invesrigations of
the Ge films were performed in air in the contact mode.

3. Results
Fig. 1 summarizes the intrinsic stress results of

Ge/Si(001) at deposition temperarures of 700 - 1050 K. The
film forces plotted in Fig. I as a function of the average Ge
thickness f6a, repf€sent the integral force F,.,, acting in films
of unit width. The slope of the force curves F,,,,vs.t6,
correspondingly yields the instantaneous film stress (dF,r/d
t6"). Each of the force curves of Fig. I clearly reveals three
different regimes, which are characterized by declining
slopes, i.e. incremental stress values, which can be directly
related to the three growth stages of SK mode:

Stress-Regime I coincides with the pseudomorphic layer-
by-layer stage. The film stress is dominated by the misfit and
assumes values between -2.8 and -5.8 GPa, which are of the
same order of magnitude as the bulk misfit stress of -6.0
GPa. The deviations at lower temperatures, which definitely
are beyond experimental error (=ll%o), indicate partial strain
relief already in the wetting layer.

Stress-Regime II: When 3D islanding sets in, a sharp
bend of the force curves to considerably smaller incremental
stress values of 0.4 - 1.7 GPa is observed. AFM
investigation of Ge films of regime II indeed reveals 3D
islands with a narrow size distribution. Examples of 25 nm
and 40 nm thick Ge films deposited ar 875 K and g7O K,
respectively are shown in Figs. 2a and b. Individual islands
still are isolated from each other, which is confirmed by
respective single scans (e.g. of Figs. 2a and b) revealing
height levels parallel to the Ge werting layer between
neighboring islands. With increasing deposition temperature
the density of islands decreases, whereas their dimensions
increase; at 970 K the average island size is about I pm.
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IrlG. l: Representative examples of the film fbrces (see text) of
Ge/Si(001) vs. average mean film thickness. Bends in the
force curves separate diff'erent stages of SK growth: I wetting
layer. II nucleation and growth. lll coalescence of 3D islands.
In the upper right insert the signal recorded befbre the Ge
deposition is plotted on the same time scale.
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FlG. 2: AFM images of Ge/Si(001): a) 875 K. tc.. = 25 nm, b)
970 K, 40 nm, c) 940 K, 55 nm, d) 940 K, 200 nm, e) 790 K,
25 nm. The height profiles are taken in [l00] direction along
the dashed lines marked in the topviews.

Furthermore the island shapes become more and more
regular, at 970 K mainly square truncated pyramids with
sides parallel to tl00l and [010] have fbrmed. Quantitative
evaluation of the AFM images reveals predominately angles

of =20o with respect to (0011 indicating the preferred
tbrmation of {103} facets in agreement with LEED. In
accordance with previous studies [4,5] the 3D islanding is
accompanied by a partial relief of the misfit strain. The
decrease of the incremental stress of regime II at higher
thicknesses indicates the incorporation of misfit dislocations
by larger islands (see also [3, 7]). .

Srress-Regime III is characterized by a further reduction
of the incremental stress to values of 0.10 - 0.17 CPa. The
additional strain-relief is observed when the 3D islands of the
SK films merge. AFM images of Ge films with thicknesses
near the second bend of the force curves (e.g. Fig. 2c) reveal
a morphology typical for island growth close to percolation.
Coalescence of neighboring islands is also confirmed by
arbitrary single scans that no longer include the height level

of the continuous Ge layer (Fig. 2c). At this growth stage the
strain is further relieved by misfit dislocations in agreement
with recent TEM (transmission electron microscopy) studies

[7]. Obviously the formation of misfit dislocations is facilita-
ted by the coalescence of relaxed epitaxial islands as the
boundary provides energetically favorable sites for the inser-
tion or omission of extended atomic rows (i.e. dislocations).
On further growth the thickness of the continuous layer
increases (Fig. 2d). Notice that at 800 K regime III is reached
at thickness values lower than l0 nm (Fig. lb) leading to a
rather flat continuous film at 25 nm (Fig. 2e).

4. Conclusions
Our experimental results on the strained SK system Ge/

Si(001) nicely demonstrate that - as indicated already by
previous studies - the relief of misfit-strain proceeds mainly
in two steps, namely upon (i) formation and (ii) growth and
coalescence of 3D islands. Ge films of regime III have
relaxed more than 97 percent of the theoretical misfit stress.

It is noteworthy that the strain-relief by the 'hut-clusters',
which preferentially are formed below 800 K [1], is less

effrcient than by the macroscopic islands. Moreover our stress

measurements reveal that the maximum strain-relief by 3D
islanding at deposition temperatures of about 900 K. This
finding, i.e. decreasing strain-relief at higher temperatures, is
in contradiction to a plain energetic model, thus pointing to a
kinetic pathway for the 3D islanding of Ge/Si(OOl ) t81.

Acknowledgements
One of the authors (R. K.) wishes to thank A. Zangwill,

M. Scheffler, G. Meyer, E. Pehlke, M. Horn van Hoegen, K.
H. Rieder, S. Fdlsch and P. Kratzer for stimulating discus-
sions. Financial support by the Deutsche Forschungsgemein-
schaft (Projekt Ko13l3) is gratefully acknowledged.

References

l. Y.-W. Mo, D. E. Savage, B. S. Swartzentruber, and M. G.
Lagally, Phys. Rev. Lett.65 (1990) 1020.

2. M. Tomitori, K. Watanabe, M. Kobayashi, and O. Nishikawa,
Appl. Surf. Sci. 76177 (1994) 322; J. Knall and J. B. Pethica,
Surf. Sci. 265 (1992) 156.

3. D. J. Eaglesham and M. Cerullo, Phys. Rev. Lett. 64 (1990)
1943: M. Hammar, F. K. LeGoues, J. Tersoff, M. C. Reuter, and
R. M. Tromp, Surf. Sci. 349 (1996) 129.

4. J. Tersoff and R. M. Tromp, Phys. Rev. [rtt. 70 (1993) 2782; C.
Ratsch and A. Zangwill, Surf. Sci. 293 (1993) 123; V.A.
Shchukin, N.N. I-edentsov, P.S. Kop'ev, and D. Bimberg, Phys.
Rev. Len.75 (1995) 2968; N. Moll, A. Kley, E. Pehlke, and M.
Scheffler, Phys. Rev. B 54 (1996) 8844; B. J. Spencer and J.
Tersoff, Phys. Rev. Lett.79 (1997) 4858.

5. A. J. Steinfort et al., Phys. Rev. Lett. 77 (1996); 2009 A.A.
Williams et al., Phys. Rev. B 43 (1991) 5001.

6. D. Winau, R. Koch, A. Ftihrmann and K. H. Rieder, J. Appl.
Phys.70 (1991) 3081.

7. A.Sakai and T.Tatsumi, Phys. Rev. l,rltt 7l (1993) 4W; Y.
Hiroyama and M. Tamura, Proc. of the 44th AVS National
Symposium, San Jose 1997.

8. G. Wedler, J. Walz, T. Hesjedal, E. Chilla, and R. Koch, Phys.
Rev. Lett. 80 (1998)2382.

I so.
, r\ i\ riil - ir

\;\,;\i\;ilt,i!{LI''

,i
Ii
ll

nm

l\
r li

illJ \

50i,lriiii \...1

ir i!iril
liiiMvi
-i U i-..

i /'\ f'\vt ili
'rl

,/j 50 nm I /.,

I li't 'iV\l'l \ j
\J u/

\ ,... J so nm

.i'i ,^.' ,l ir#'\ii \,, ii \ I '.i""\
v\lu.j ,t

lr Jtoonf,-^.^,1*\,t i-r,.-'-' 'i
ii'

425


