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1. Introduction

Information and communication technologies eagerly need
novel approaches to continue the improvement of the performance
and the scaling down of opto-electronic devices. Uniaxial strain
obtained using local stressors has become part of mainstream Si-
based technology, since uniaxial strain in Si improves its figures of
merit [1,2]. The application of 4% uniaxial tensile strain along [10 0]
to a Ge(0 0 1) layer is expected to lower the direct gap below the
indirect gap [3,4]. A direct-gap semiconductor which is fully
compatible with Si-based technology would suggest the possibility
of highly efficient Si-compatible emitters of infrared radiation,
which would greatly facilitate full integration of electronics and
optoelectronics [5-7]. We have already demonstrated that top-
down SiGe structures, fabricated by nanolithography, can be used
as stressors for the creation of strong deformation fields and high
strain in bulk substrates [8,9]. However, finite-element simulations
suggest that a stressor patterned on a free-standing Ge membrane
allows for a larger highly strained active area with respect to
strained bulk material [10,11]. Therefore, the use of external stres-
sors on Ge membranes instead of bulk substrates should be a very
important step towards obtaining direct-gap Ge. This application is
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not part of the present work but is one of the possible extensions
and a topic for future investigation.

Wet anisotropic etching is very useful in the fabrication of free-
standing membranes, due to the high etch rate and low costs. This
approach can provide a high selectivity in etching different materi-
als, and even a noticeable crystallographic anisotropy. Typically
wet etching is isotropic, but on crystalline materials, the etching
rate of some etchants is lower on the more densely packed surfaces
compared to the more loosely packed surfaces. Considering a dia-
mond lattice structure, such as silicon, the surface atomic density is
{111}> {100} > {1 10} and the etching rate (R) is about R(10 0) ~
100 x R(1 1 1) [12]. Recently, various etchants were also used in
combination with atomic force microscopy (AFM) as a tool to
investigate the composition of strained semiconductor islands
(self-assembled quantum dots, QDs) or to reveal the morphology of
QDs encapsulated in a semiconductor matrix. Based on the
selectivity of the H,0, solution, which etches Si;_,Ge, alloys with x
> 65% much more quickly than pure Si, Denker et al. [13] pro-vided
evidence of the lateral composition profile in SiGe pyramids.
Katsaros et al. [14] extended the previous approach to SiGe domes
and suggested a kinetic model to account for the observed lateral
profiles. In a more recent work, selective chemical etching and
electron energy-loss spectroscopy are used to characterize the
composition of Ge-rich islands [15]. On the contrary, to selectively
etch Si, two alkaline solutions, potassium hydroxide (KOH) and
tetramethylammonium hydroxide (TMAH), are normally used as
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etchants for anisotropic wet processes. The former has an excellent
uniformity and reproducibility, but it is not compatible with MOS
devices. To overcome this drawback, TMAH, already used in the
development process in photolithography, was introduced as a
solution for anisotropic wet etching. TMAH and KOH allow a high
selectivity between etching rates in (001) and (111) directions in
the silicon bulk [12]. For this reason they have been widely used in
order to create suspended structures, for example by an etch
against the etch-resistive {111} planes in Si(001) substrates
[16,17] or by exploiting the underetching rates of a Si(001)
substrate [18,19]. Germanium is extremely chemically resistive
against KOH or TMAH [20,21], so it is potentially an excellent
material for this kind of micromachining. Therefore, in this work
a combination of lithographic process and dry and wet anisotropic
etching has been used for the fabrication of both bridge and mem-
branes which could be used to obtain a tensile strained material by
a subsequent lithographic processes.

2. Material and methods
2.1. Material details

A 100 nm layer of Ge was deposited on a HF-dipped Si(001)
4-inch wafer by low-energy plasma-enhanced chemical vapor
deposition (LEPECVD) at 500 °C and with a growth rate of 0.4 nm
s~ 1. Then, a tensile Si;_,Ge, film (0.6 < x < 0.9; thickness ~ 10 nm)
was grown on the Ge layer (Fig. 1(a)) at temperatures between 450 °©
C and 500 ° C [22]. The SiGe capping layer could eventually be
patterned by e-beam lithography into a stressor for the underlying
Ge[10].

In addition, samples with no capping layer have been used: a Ge
layer, 1 pm thick, was deposited at 500 °C and a growth rate of
43nms~', and then annealed in-situ over six cycles between
600 and 800 °C in order to reduce the threading dislocation density
and to optimize the material quality.

2.2. Fabrication process

Prior to the wet etching experiments, we used photolithography
or e-beam lithography (EBL) (Fig. 1(b) and (c)) and reactive ion
etching (RIE) to define mesa structures on the sample surface.
Optical lithography was used to fabricate membranes where the
typical widths are between 10 and 20 pm (Fig. 1(b)). To realize
bridges the EBL was used, in this case the typical widths are in the
range between 0.1 and 3 pm, as shown in Fig. 1(c). In all cases, the
Ge epitaxial film was etched by RIE, using a CF4 plasma, 80 W RF
power and total gas pressure of 54 mTorr.

Afterwards, in order to suspend the structure, the first series of
samples were etched with TMAH (30% in vol.) at 85 ° C and
characterized by scanning electron microscopy (SEM) and ptRaman.
Instead, the second set of samples were etched with 5.3 wt% KOH
(26.4 g KOH + 500 ml H,0) at 70 °C. Two different geometries
(bridges and membranes) have been realized using both etchants.
For all the solutions both geometries have been fab-ricated, since
different geometries (with different boundary condi-tions) can be
used for different stressor configurations and applications [10]. The
overall chemical etching reaction by alkaline solution is given by
[23]:

Si+2 OH +2 H,0 — Si0,(OH)? +2 H,

Silicon reacts with water and an OH™ ion and produces hydrox-
ide ions and hydrogen gas bubbles. The rate-limiting factor in KOH
etching changes with the change of the concentration. So, at high
concentration the chemical reaction that takes place on the Si
surface limits the overall systems. On the other hand, at low

concentration, the system is dominated by the diffusion of reacting
species and reaction products. To prevent the adhesion of sec-
ondary products of the chemical reaction, such as SiOy, the etching
solution was kept in constant agitation. SiGe samples were etched
at different times in order to infer the etch rate. Samples with dif-
ferent SiGe layers have been used in order to test the selectivity of
the etchant solutions as a function of the Si fraction in the alloy. A
representation of the obtained structures is reported in Fig. 1(d)
and (e). All samples have been analyzed by pRaman to verify the
presence of the SiGe film on top of the structures and by SEM in
order to measure the etched thicknesses as shown in Fig. 1(f) and

().

3. Results and discussion

The Si etching rate difference can be observed in Fig. 2(a) and
(b), where the Si etched thicknesses are plotted as a function of the
etching time. What is clear from these figures is the huge difference
in the etch rate between TMAH and KOH [24-26]. The comparison
between the respective results is shown in Fig. 2(c) and (d).
Samples which show similar etched thickness are obtained after 50
min in TMAH and 1 min in KOH. In both cases the etching process
does not begin immediately; this can be attrib-uted to the presence
of a thin layer of silicon oxide, which is etched more slowly than Si
[25]. In fact for KOH the SiO, etching rate is in the order of tens of
nm/h and the Si etch rate is about tens of pm/h, while the TMAH
solution shows slower SiO, as well as Si etching rates.

Using KOH etchant solution, the final surface quality points out
some variations: in this case the (1 11) planes are very smooth and
other stopping planes start to appear. The explanation can be found
in the much higher R(100)/R(111) selectivity (R) of KOH with
respect to TMAH: the R(111) is negligible if compared with the
R(100), which is hundreds of times faster. Whereas, when the
concentration of the KOH solution is low, the rate along (100) is
not the highest and different planes are etched faster. For instance,
the ratio R(411)/R(100) could be equal to 2 at low KOH
concentration [26]. This brings out secondary Si crys-tallographic
planes, leading to the creation of non square-shaped pyramidal
bases for the membranes.

The etching rate changes with the concentration of KOH and
with the temperature at which the process is performed. Higher
temperatures and lower KOH concentrations lead to higher rates,
which peak was obtained with a concentration of about 22% for a
temperature of about 70 °C.

Fig. 3 shows the comparison between two different etching
times in KOH, as can be noted from the different height and shape
of the Si bases. For these samples, which have the same SiGe layer
(Ge content ~ 60%), no significant differences occur for the SiGe/Ge
membranes, in fact the surfaces are smooth with no porosity.
Hence a high Si/Ge selectivity is provided by the KOH, yielding a
gain in both etch rate and Si surface smoothness.

Finally, micro-Raman measurements have been performed in
order to verify the selectivity of both solutions to Si and the preser-
vation of the SiGe layer. The Raman spectra of both the unpat-
terned area and the bridge were measured using an excitation laser
with a wavelength of 532 nm and a power of 0.06 mW focused with
a 0.90 NA objective. With this excitation, the optical penetration
depth is about 20 nm for Ge and SiGe. We performed the
experiments with several excitation fluences in order to rule out
heating effects due to the limited dissipation of heat by the
suspended structures. The micro-Raman analyses were performed
for all the samples with different SiGe layers and the results were
similar. An example is shown in Fig. 4, where the two spectra are
plotted, displaying an intense Ge peak and the small Ge-Ge and
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Fig. 1. (a)-(e) Schematic sequence of the fabrication steps for SiGe/Ge bridges and SiGe/Ge membranes on a Si(001) substrate, where the thicknesses and the size of
nanostructures are not in scale. In (a) 100 nm of Ge and the SiGe capping layer (10 nm thick) are deposited by LEPECVD on a Si(001) substrate. The Ge content changes
between 60% and 90%. (b) By optical lithography and RIE, a mask with squares or circles are defined. (c) By EBL and RIE, a mask with a bridge is defined. By wet chemical
anisotropic etching, SiGe/Ge membranes (d) and bridges (e) are obtained. (f) SEM image of membranes 10 pm wide and 100 nm thick, etched with KOH. (g) SEM image of the
bridges 0.3-1 pm wide, 10 um long, and 100 nm thick, etched with TMAH. The bridges show bending because of strain relaxation of the initially slightly compressed Ge layer

which results in an elongation of the bridge.
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Fig. 2. Etched thickness as a function of the etching time, obtained using (a) TMAH and (b) KOH. The crosses show the experimental values, which are obtained by SEM
images. (c) SEM image of the sample with a Sip1Geg ¢ capping layer, after 50 min in TMAH at 85 °C. The etched thickness is about 1 pm. (d) SEM image of the sample with a

Sip.4Geo s capping layer, after 90 s in KOH at 70 °C. The etched thickness is about 1 pm.

Fig. 3. (a) and (b) SEM images of different samples with the Siy 4Gegs capping layer etched in KOH at 70 °C. (a) Sample etched for 90 s. (b) Sample etched for 3 min.
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Fig. 4. Raman spectra of the sample with a Ge content of about 70% etched with KOH for 80 s. Both the spectrum of the unpatterned part and that of the bridge show the
Raman bands for both Ge and SiGe. The upper inset shows an enlargement of the bands of both spectra. The lower inset shows the Ge Raman signal intensity of a line scan

perpendicular to a bridge. Off the bridge the signal from Ge vanishes.

Si-Ge bands of the SiGe alloy. [27-29] Due to the low silicon con-
tent of the alloy, the Si-Si band of the SiGe is too low to be detected.
The SiGe bands prove that the top layer is preserved in both cases.
The unpatterned area and the bridge are in a very similar strain
condition. We fitted the positions of the Ge peak and the Ge-Ge
mode of the SiGe alloy. These are 300.7 + 0.2 cm~! and 290.1 + 0.4
cm !, respectively, for the unpatterned area, and 300.8 + 0.2 cm™!
and 290.6 + 0.5 cm™!' for the bridge. These values are consistent
with a slightly compressed germanium (—0.1 + 0.1%) and a tensilely
strained SiGe layer (composition 0.72 £ 0.01, strain 0.9 + 0.1%). A
SiGe layer coherent with a relaxed Ge would exhibit a strain of
1.2%. The measured Raman shift values hence indicate partial
relaxation of SiGe. The very good agreement between the two
spectra proves that both bridge and bulk have the same material
composition, confirming the selectivity of the chemical solutions to
etch only the pure silicon underneath the structures.

Investigation of the membranes by means of jLRaman measure-
ments were carried out using the same excitation laser as in the
previous case, but with 0.25 mW excitation power. The germanium
layer is found to be slightly compressed (¢ = —0.2% + 0.1%) whereas
the SiGe layer shows strain values between coherent growth and
complete relaxation. Thus, SiGe is partially relaxed which is consis-
tent with the observation from SEM images (Fig. 3) that the rim of
the disk is slightly bent upwards to release strain in the SiGe layer.
As previously stated, this result refers to a Ge layer below an
un-patterned SiGe layer. Simulations (Ref. [10]) show that pattern-
ing of the strained SiGe layer should lead to transfer of strain to the
Ge layer, forming regions in which the Ge is highly tensile.

4. Conclusions

In this work we have used KOH and TMAH, to realize bridge and
membranes on a Si(001) substrate. With respect to TMAH, diluted
KOH solutions can provide great improvement of the etch rate R,
leading to a saving of time and resources, however TMAH allows
a higher surface quality. The Si selectivity and the preservation of
the SiGe capping layer, which is necessary to avoid the damage
to the stressors, has been verified by micro-Raman measurements,

which confirm that SiGe alloys are not aggressively attacked by the
investigated etchant solutions. The capability to select pure Si
material to be etched and not the Ge-rich SiGe alloy is essential
to realize free-standing Ge structures for a new class of tensile
Ge nano-substrates.
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