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Minute SiGe Quantum Dots on Si(001) by a Kinetic 3D Island Mode
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We investigated the initial growth stages of Si,Ge;—,/Si(001) by real time stress measurements and
in situ scanning tunneling microscopy at deposition temperatures, where intermixing effects are still
minute (=900 K). Whereas Ge/Si(001) is a well known Stranski-Krastanow system, the growth of SiGe
alloy films switches to a 3D island mode at Si content above 20%. The obtained islands are small (a
few nanometers), are uniform in shape, and exhibit a narrow size distribution, making them promising

candidates for future quantum dot devices.
DOI: 10.1103/PhysRevLett.87.136104

A key parameter for the evolution of film morphology
with film thickness is the growth mode. In recent years the
Stranski-Krastanow (SK) mode of IV-IV [1,2] and III-V
[3.4] semiconductor systems has attracted strong attention
offering the prospect of fabricating uniform quantum dot
arrays for electronics and solid state laser devices. The
strain field of these heteroepitaxial SK systems favors the
formation of regularly shaped self-assembled nanostruc-
tures with a narrow size distribution, which, however, is
still too broad for a technological application.

In this context the growth of Ge or SiGe alloy films on
Si(001) has served as an intensively studied model sys-
tem. In the case of Ge/Si(001) the transition from 2D to
3D growth takes place at thicknesses of 3—5 monolay-
ers (ML) depending on the deposition temperature [5].
After passing a prepyramid roughening stage [6] small
dislocation-free elongated pyramids (“huts”) appear [1],
which on further growth are substituted by more rounded
larger islands (“domes”) [7,8]. Real time stress mea-
surements revealed that part of the ideal misfit strain of
about 4% 1is already relieved in the Ge wetting layer
[5], which exhibits a network of dimer row vacancies
and dimer vacancy lines [6,7]. Further strain relief takes
place when the 3D islanding sets in [5,9,10], in accor-
dance with theoretical predictions [11-13]. The growth
of Si,Ge;—, alloy films has been found to be qualita-
tively identical to Ge/Si(001) [14]. However, as con-
cluded from the stress evolution as well as ex situ AFM
(atomic force microscopy) and transmission electron mi-
croscopy, the wetting layer thickness of the lower mis-
fit strain films is significantly increased, e.g., to 38 ML
(=5 nm) for SipgGeg, deposited at 900 K [15].

Here we report on real time intrinsic stress measure-
ments (ISM) combined with in situ STM (scanning tunnel-
ing microscope) investigation of Si,Ge;—,/Si(001) which
focus on the initial growth stages. All films were deposited
at 900 K or lower in order to minimize intermixing ef-
fects. Recent studies revealed considerable intermixing at
970-1020 K [16], typical growth temperatures for SiGe
films. For instance, upon Ge deposition at 1020 K the ef-
fective quantum dot volume was found to be about 4 times
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higher than the amount of deposited Ge because of enor-
mous Si in-diffusion [17]. At 900 K, on the other hand,
intermixing is of minor importance [18]. In contrast to
previous work, our study discloses a change of the under-
lying growth mechanism. At Si concentrations above 20%
the growth mode switches from SK to a kinetic 3D island
mode, where no wetting layer is formed. The obtained 3D
islands are small (a few nm), are uniform in shape, and ex-
hibit a narrow size distribution. Therefore the new growth
mode discovered in the SiGe system provides a promising
alternative path for the fabrication of SiGe quantum dots.

The experiments were performed in an intercon-
nected multiple chamber UHV system (base pressure
<107'° hPa) equipped with a sensitive cantilever beam
(CB) device for in situ stress measurements [19], a
four-grid LEED (low energy electron diffraction) optics
for in situ control of the substrate and film quality, as
well as a homebuilt UHV-STM for in situ structural
investigations. In each experimental run a CB and an
STM substrate were prepared simultaneously.  After
carefully outgassing the substrate holder at 900 K for
many hours, the oxide was desorbed by heating to 1300 K
until eventually sharp (1 X 2) LEED spots were obtained.
Then the substrates were slowly cooled down to the
deposition temperature and thermally equilibrated for 1 h.
Ge was evaporated from a Knudsen-type boron nitride
crucible; Si was electron beam evaporated from a rod of
undoped Si. The deposition rates of both sources were
controlled individually by two calibrated quartz crystal
microbalances and adjusted so that the total rate was
0.008 = 0.002 nm/s. The pressure during deposition
was better than 3 X 107° hPa. Immediately after film
preparation the STM sample was transferred to the STM
chamber without breaking UHV and imaged at room
temperature. In addition, thicker films were investigated
by AFM after exposure to air. For comparison a number
of experiments was performed on direct current heated
substrates (see below).

The stress behavior of Si,Ge;—,/Si(001) in the broad
concentration range of 0 = x = 0.8 is illustrated in Fig. 1.
The respective film forces, plotted as a function of the
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FIG. 1. Film forces (i.e., integral forces in films of unit width)

measured in real time during the deposition of various Si,Ge|—,
films onto Si(001) at 900 K.

average Si,Ge;_, thickness in Fig. 1, were measured in
real time during deposition. To facilitate comparison we
also included the force curve of pure Ge from Ref. [5]. By
the term “film force” we denote the total force F acting in
a film of unit width [N/m] (i.e., analogous to the definition
of surface stress). The average stress is obtained as usual
by dividing the normalized force by the film thickness.
Accordingly, the slope of the force curves corresponds to
the instantaneous film stress.

Comparison of the upper and lower diagrams of Fig. 1
reveals that the stress evolution of Si,Ge;—,/Si(001) is
highly sensitive to the Si content. At low Si concentrations
(<20%) the shape of the force curves is consistent with
the SK mode. As discussed in detail in Ref. [5] a steep in-
crease of compressive force is observed initially, i.e., dur-
ing growth of the wetting layer (stress regime I in [5]);
when the 3D islanding sets in, the film forces increase with
a smaller slope due to the partial strain relief in isolated
clusters (stress regime Il in [5]). In the case of pure Ge the
wetting layer is about 0.8 nm thick (=5.5 ML); its stress
of 2.6 GPa (a'éxp in Table I) is only half of the theoretical
misfit stress at 900 K (5.2 GPa) due to partial strain relief
by dimer and dimer row vacancies (see discussion above).
The 3D islanding reduces the instantaneous stress further
t0 0.9 GPa (a'gxlp in Table I) corresponding to a total strain
relief of more than 80%. Up to Si concentrations of 14%,
the stress behavior remains qualitatively the same. Quanti-
tatively, the wetting layer stress at 14% is slightly reduced
to 2.0 GPa, and the wetting layer thickness has increased
to 1.3 nm. It is noteworthy that the latter value compares
well with the critical layer thickness of 1.1 nm predicted by
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TABLE 1. Theoretical misfit strain €, of various
Si,Ge;—,/Si(001) films at 900 K and corresponding mis-
fit stress o calculated by Hooke’s law; the biaxial modulus
Epiax of the alloy films was estimated via Vegard’s rule from
the moduli of pure Ge and Si at 900 K. o, and o
are the experimental stress values of stress regimes I and II,
respectively (see text).

SiGer. @' Bt o~ ol, ol
x —x iax exp eXp
(GPa) (GPa) (GPa) (GPa)
Ge 0.042 123 5.2 2.6 0.9
Si().14G€0‘86 0.036 129 4.6 2.0 0.3
Sio.17Geo 83 0.035 130 4.5 0.8 0.2
Si(),58G€0‘42 0.018 148 2.7 0.7 1.1
Si(),g()Geo‘z() 0.009 158 1.3 ~0 1.1
Si 0 167 0 0 -

theory for dislocation insertion into Sig 14Gey g¢ films [20].
Surprisingly, a further slight increase of the Si concentra-
tion to 17% leads to a nearly complete disappearance of
stress. While o-éxp has decreased to 0.8 GPa correspond-
ing to a strain relief of more than 85%, no further strain is
transmitted in regime IL

At Si concentrations above 20% a fundamental change
in the stress behavior is observed. The stress in regime I is
very small with values of o-éxp < 0.8 GPa. In regime II,
on the other hand, the stress increases assuming values
that are significantly larger than o-ixp; for instance, o-é}p of
the SiggoGegoo film matches almost the theoretical mis-
fit stress of 1.3 GPa. Note that the average stress of
thicker SiGe films even exceeds the stress of high mis-
fit Ge/Si(001). Particularly the latter finding, i.e., ok,
exceeding o-ixp, is indeed astonishing and in clear contra-
diction to a SK mode. According to theory [11-13] the
2D/3D transition of SK mode proceeds in order to reduce
elastic energy; it is therefore necessarily accompanied by
strain relief and thus a decrease of the instantaneous stress
(e, ok, < okyp)-

Further insight is provided by our in situ STM investi-
gations of the Sips0Geo 40 and Sipg0Geo 2o films. The large
scale top views of Fig. 2 reveal that both films consist of

3D islands even at the low mean thickness of 1 nm. The

FIG. 2. 250 X 250 nm? STM top view of 1 nm thick films of
(a) Sipe0Gep4o and (b) SipgoGepao; in (b) subsequent terraces
of the substrate can be recognized (marked by arrows). Insets
show areas of 32 X 32 nm?.
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average island diameter is about 5 nm; the island height
ranges from 1.5 to 2.5 nm. The total island volume de-
termined from the STM images yields a mean film thick-
ness of 1.3 = 0.4 nm. Because of tip convolution effects,
which are enhanced by narrow island separation, the STM
certainly overestimates the island volume. Nevertheless,
our in situ STM results clearly point to a wetting layer well
below 1 nm, exhibiting a maximum thickness of 1-2 ML.
A possible wetting layer therefore is orders of magnitude
thinner than the critical layers for misfit dislocations of
Sigp60Gep.40 and SiggoGegoo films with thicknesses of 11
and 110 nm, respectively [20], and even thinner than that
of pure Ge films. In conjunction with the stress results the
structural information obtained by STM provides strong
evidence that the growth mode of SiGe films changes from
SK mode to a 3D island mode at higher Si contents. The
absence of a wetting layer explains the low stress values
observed in regime I, where the immediate nucleation of
3D islands is responsible for an efficient relief of the misfit
strain. Both films of Fig. 2 are already close to percolation,
which takes place at thicknesses not higher than 2—3 nm.
When the 3D islands merge, most of the misfit strain is
recovered; obviously the island size at percolation is too
small to favor insertion of misfit dislocations (ideal separa-
tion for €y = 1%: =40 nm). In situ STM and ex situ AFM
investigations of thicker films (not shown here) exhibit the
typical morphology of postpercolation films, characterized
by a broad continuous layer with a root mean square rough-
ness of 2—-3 nm.

Finally, it is worth discussing the size distribution of
the SiGe islands in more detail. Statistical analysis of the
STM images reveals an average island diameter of 5.5 *
0.94 nm and 4.6 = 0.86 nm, respectively (Fig. 3), which
is about 2 orders of magnitude smaller than the quantum
dots obtained at 1030 K [21]. The island size distribution
is very narrow both compared with islands obtained by the
thermodynamic Volmer-Weber mode [22] and also with
regard to Ge/Si(001), where the coexistence of elongated
huts and domes gives rise to a double-peaked size distribu-
tion [23]. Postdeposition annealing as well as variation of
the film thickness may further improve island uniformity.

How can we understand this unexpected switch of the
growth mode, which at first sight even seems to be con-
tradictory to previous studies? The main difference to
previous work certainly is the procedure of the substrate
preparation. Commonly the Si(001)(1 X2) surface is pre-
pared by direct current heating with the oxide being re-
moved by a short flash to 1500-1600 K. The cantilever
beam substrates of the present study (and for comparison
also the free-standing STM substrates) were radiatively
heated from the backside to about 1300 K—a temperature
regime where carbide formation is critical. In order to rule
out carbon contaminations to affect nucleation [24] we per-
formed a series of supplementary STM investigations on
direct current heated samples. Figure 4a shows a conven-
tionally prepared Si(001) surface that is characterized by
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FIG. 3. Size distribution of the 1 nm thick films of
(a) Sip.e0Geopao and (b) Sips0Geo20; the superimposed solid lines
are Gaussian fits.

extended nearly perfectly (1 X 2) reconstructed terraces
(Fig. 4b). After deposition of 1 nm Sip70Geg 3o at 900 K
(Fig. 4c) the surface still exhibits extended flat terraces
patterned by (2 X n) trenches analogous to pure Ge films
[7], thus pointing to film growth proceeding by the SK
mode. For substrate preparation at lower temperatures we
started from chemically etched, Shiraki-type Si(001) sub-
strates to avoid carbon contamination. On the substrates
used here (known as SPM samples) thin passivating oxide
layer is prepared by a final etching treatment in a solution
of HSO4/H,0, (4:1, 90 °C, 10 min) [25] yielding oxygen
desorption temperatures of only 900—-1000 K. Figures 4d
and 4e show a sample heated for 1 h at 970 K at a pressure
of (2-3) X 107! hPa. Compared to the only few missing

FIG. 4.
prepared Si(001) sample; (b) higher magnification image;
() 73 X 96 nm®> top view after deposition of 1 nm
Sig70Geg30. (d) 60 X 60 nm?> STM top view of a Shiraki-type
Si(001) sample (see text); (e) higher magnification image;
(f) 33 X 44 nm? top view after deposition of 1 nm Sig70Geg30.

(a) 60 X 60 nm> STM top view of a conventionally

136104-3



VOLUME 87, NUMBER 13

PHYSICAL REVIEW LETTERS

24 SEPTEMBER 2001

or adsorbed dimers observed typically on conventionally
prepared substrates (e.g., Fig. 4b) the surface of the SPM
substrate exhibits a high density of intrinsic defects; ex-
tended aggregates of missing dimers and single ad-dimers
trapped in their neighborhood as well as ¢(2 X 4) dimer
stacking are observed frequently. We remark that upon
shorter heating for oxide removal (as used in Ref. [25]) the
defect density is further increased with even larger dimer
vacancies. A short flash to 1500 K of the SPM samples,
on the other hand, leads to well ordered terraces similar to
Fig. 4a [26]. Figure 4f shows the SPM sample after depo-
sition of 1 nm Sig70Gep 30 at 900 K. In contrast to Fig. 4c
a corrugated film morphology typical of island growth is
observed, thus demonstrating that immediate nucleation of
3D islands is favored on the defect-rich surfaces. Nucle-
ation obviously takes place at the larger dimer vacancies of
the Si(001) surface suggesting that the island density can
be controlled by the dimer vacancy concentration. There-
fore the final island size may be optimized by varying the
procedure of substrate preparation.

In conclusion, by employing two powerful in situ meth-
ods, ISM and STM, to study the early growth stages of
SiGe alloy films on Si(001), we discovered that the growth
mode switches from SK mode to a kinetic 3D island mode
at Si contents above 20%, when the substrate surface con-
tains extended dimer vacancies as intrinsic defects. De-
spite the lower misfit of SiGe compared to pure Ge the
islands are very small (~5 nm) and uniformly shaped and
sized, thus making them promising candidates for future
quantum dot devices.
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