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Si/Si;.«Ge, nanostructures (wires) were grown by local solid source molecular beam
epitaxy using three kinds of masks: Si, SiO,, and SiO,/SizN4. Photoluminescence
measurements were performed to establish their electronic properties and to find out
the most appropriate fabrication method. Their structural properties were studied by
transmission electron microscopy to obtain information on the shape of cross sec-
tions, and by x-ray coplanar and grazing incidence diffraction, which yielded depth-
dependent in-plane strain distribution in the wires as well as in the substrate, which
was compared to results of finite element calculations.

1. Introduction

Reactive ion etching of Si/SiGe quantum wells is known to result in structures with
sidewall defects, which drastically decrease their luminescence efficiency [1], [2]. Con-
sequently, several groups have developed techniques for the direct growth of Si/SiGe
quantum wells with finite lateral widths, i.e. of wires, using local solid source [3] — [5]
or gas source molecular beam epitaxy (MBE) [6], [7]. In particular, by local MBE
growth through shadow masks Si/SiGe wire-like structures were fabricated with lateral
dimensions down to 100 nm [5]. Ge rich self-organized quantum dots down to 70nm
were selectively grown into windows defined by holes in Si0, masks by Kim et al. [6].

We report on selectively grown Si/SiGe multilayers using three different kinds of
masks: Si, SiO; and SiO,/Si3Ny. It turns out that on patterned substrates the conven-
tional cleaning step to remove the oxide by heating the wafers up to 950 °C results in a
remarkable change of the substrate surface profile indicating significant mass transport
[8] — [10]. Photoluminescence was observed from wire structures for all three types of
masks, however. The highest efficiency was obtained with deep etched Si masks. We
investigated the structural properties of locally grown heterostructures by using trans-
mission electron microscopy (TEM) and high resolution x-ray diffraction. With the lat-
ter technique we obtain information on the strain status of the locally grown Si/SiGe
wires, their lattice relaxation and the strain status of the substrate close to the surface,
induced by patterning and overgrowth. The experimental results on the lattice strain are
compared with finite element calculations.
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2. Experimental

2.1 Sample preparation

Periodic Si/Si;xGey wire structures were grown by MBE through three different kinds
of shadow masks, shown schematically in Figs.1 and 2, which represent the SiO,, the
S10,/Si3N4 shadow masks, and the deep etched Si mask. In the first sample series (Fig.
1 (a)), a 105 nm thick thermal SiO, layer was laterally structured into wires with periods
of 800 nm. In the grooves on the Si surface, Si/Si;.xGex multilayer structures were de-
posited. In the second series (Fig. 1 (b)), the thermal SiO, layer was capped with a
150 A Si3Ny layer. After reactive etching, the SiO, layer was selectively etched by HF to
create an undercut and thus lead to a Si3N4 shadow mask. Si/Si;.<Gex multilayers were
grown on the Si(001) substrate through this Si3N4 shadow mask. In the third series, the
105 nm thick thermal SiO, layer was laterally structured into wires with periods of 800
nm and then the Si was deep etched to about 300 nm. Holographic lithography was per-
formed using an Ar ion laser operating at a wavelength of 458nm, the plasma etching
was performed in an Oxford Plasmalab with a parallel plate reactor. For Si etching, a
mixture of SF¢ with CH4 was used, for SizN4 and SiO,, a mixture of CF4 with H,.
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Fig. 1: Sketch of the Si/SiGe MQW wire grown through a SiO, and a SiO,/Si3Ny
shadow mask with lateral periods of about 800 nm.

2.2 Experimental results: photoluminescence

Prior to the growth of Si/Si; \Gex MQWs on the patterned substrates, a 6 minutes ther-
mal annealing step at 950 °C was employed to desorb the oxide layer generated during
an HF free RCA cleaning procedure. From the TEM we find that this thermal-cleaning
procedure leads to a significant mass transport and change of the surface profile. This
mass transport is absent for a cleaning procedure involving a thermal treatment at only
650 °C. The Si substrate remains flat, and the MQW structure does not wet the etched
Si0, wires.
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Fig. 2: (a) Sketch of the Si/SiGe MQW wires grown is deep etched Si; (b) scanning
electron micrograph cross sectional view after MBW wire growth.

Photoluminescence spectra from the selectively grown Si/Si;Gex MQWs for the two
kinds of masks shown in Fig.1 are presented in Fig.3. For these samples the conven-
tional cleaning step at 950 °C was performed. The PL spectra were acquired at 4.2 K
using an excitation laser wavelength of 488 nm, normal incidence and a power density
of 0.4 W/ecm?. For the SisN, shadow mask a lift-off was performed by selective wet
chemical etching. The observed Si/Si;xGex MQW PL lines correspond to the no-phonon
line (NP), and its transverse optical phonon replica (TO). Signatures from the Si/Si;.
xGex quantum wells with finite lateral size are clearly observed for growth through both
kinds of masks. It also turned out that the overall PL intensity of the wire structures is
smaller for those grown between the SiO, wires, which exhibit high defect densities at
the side wall boundaries to the oxide. Compared to such samples, a significant im-
provement of the luminescence efficiency (Fig. 4) is obtained for those grown into deep
etched Si (Fig.2) , for which the cleaning step at 950°C was performed. The intensity
from the Si/SiGe wires is higher than that from the Si substrate, which demonstrates the
high PL efficiency from the wires. The FWHM of the PL lines from the wires is of the
order of 10 meV, comparable to that of quantum wells. This clearly offers further possi-
bilities for the fabrication of such high performance devices which need local epitaxial
overgrowth. The lateral wire width does not yet induce any quantum confinement, this
can only be observed for sizes smaller than about 40nm.
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Fig. 3: PL spectra of Si/SiGe wire structure growth through the periodic SiO, mask (a)
and through the Si0,/Si3N4 mask (b).
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Fig. 4: PL spectra of Si/SiGe wire structure growth through the periodic SiO, mask in
the deep etched Si wires (sample SEM shown in Fig. 2 (b)).

2.3 Strain investigations

For the strain analysis we use high angle x-ray diffraction and grazing incidence diffrac-
tion (GID) for resolving changes of the strain status with depth from the free surface and
a comparison with finite element calculations. HRXRD measurements were performed
for obtaining the average in-plane and vertical strain tensor components € and €,,, us-
ing reciprocal space maps around the (004) and the (224) reciprocal lattice points [7]. In
Fig. 5, three gx-scans (qx denotes the x component of q = 47msinOg/A, O is the Bragg
angle and A the wavelength), recorded in the vicinity of the (224) reciprocal lattice point

are shown.
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Fig. 5: X-ray diffraction of wire sample: qx-scans in the (224) reciprocal space map
across the substrate (a), the SL peak (b) before removing the wire mask, and
after removal of the shadow mask (c) .
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Due to the orientation of the scattering vector perpendicular to the wires, several grating
peaks appear, which reflect the lateral periodicity D of the wires: D = 21t/ Aqx,wires. Curve
a is a scan through the Si substrate, b and c are scans through the 0™ order Si/SiGe su-
perlattice peak (SLy) corresponding to data obtained on a wire sample (Fig. 1 (b)) before
and after the removal of the Si3N4/S10, mask, respectively. From the shift of the enve-
lope maxima for the wire samples (Fig. 5 (b) and (c)) with respect to the substrate peak
(a), the mean in-plane strain <gy,> 1s obtained to be <gy,> = 4.8x10™* and <Exxb> =
7.5%x10™ , respectively. Apparently, after removing the SiO,/SisN, mask (Fig.5 (c)) the
in-plane lattice relaxation of the SiGe/Si wire structure becomes larger.

In order to explain these observations, finite element (FEM) calculations were per-
formed to describe the inhomogeneous strain distribution present in the wires. The cal-
culated results (Fig. 6 (a), (b)) clearly show that the strain distribution is very inhomo-
geneous. In Si;xGex MQW layers the maximum strain relaxation occurs close to the
edge of the wires. The in-plane strain is larger at the top of the wires than it is at the
bottom, reflecting the larger relaxation at the top. The strain extending into the Si sub-
strate has both tensile and compressive components. The presence of the SiO, mask
causes a tensile force to the substrate, which reduces the in-plane lattice relaxation in the
SiGe wires (Fig. 6 (a)) . Removing the SiO, mask (Fig. 6 (b)), the tensile force disap-
pears, leading to further elastic lattice relaxation in the substrate and consequently to an
enhancement of the relaxation in the Si/SiGe wires.
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Fig. 6: Contour plots of strain tensor component € obtained from finite element cal-
culations for a Si/SiGe wire sample (Fig.1b) with the mask (a) and after removal
of the shadow mask (b).

3. Conclusion

SiGe quantum wells with finite lateral size grown by solid source MBE, using three
different kinds of masks, were investigated with respect to their structural and optical
properties. It turns out that the luminescence efficiency of wires grown into deep etched
Si is much higher compared to those grown with oxide masks alone. This is due to the
fact that defects at the interfaces are avoided. Detailed investigations of the lattice strain
were performed both experimentally using x-ray diffraction techniques and theoretically
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by finite element calculations. The in-plane lattice strains are depth dependent and
change after the patterned mask layer is removed.
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