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a b s t r a c t

Silicon micromachined microcapsules have recently been used in biomedical applications as individual in
sensing and drug delivery systems due to its biocompatibility and biodegradability properties. Microcap-
sules micromachining process is quite a complex procedure and to develop a high outcome the process
has to be well controlled. One of the important physical characteristics influencing degradation of the
microcapsules during the micromachining is a mechanical stresses in the microcapsules. In this work
we investigated the stress in polysilicon microcapsules and their crystallinity before and after electro-
chemical etching process by means of micro-Raman spectroscopy and atomic force microscopy. It was
shown that microcapsules fabrication process leads to the appearance of strong mechanical stress (up
to 1.74 GPa), at the edges of produced microcapsules which can damage the structures. The combined
AFM and Raman investigations confirm the presence of silicon amorphous phase after technological pro-
cess and allow the stress mapping. We demonstrate a great potential of Raman stress imaging to be used
for the testing of silicon microstructures and an improvement of fabrication process.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction ties, inability to predict the magnitudes of intrinsic residual stresses,
Polycrystalline silicon (poly-Si) takes an important role in the
modern micro/nano engineering. In particularly, it is a basic
material for building blocks in microelectro-mechanical systems
(MEMS), and it has also been used to improve the characteristics
of MOS, TFT and related devices [1]. Si and poly-Si layers have dif-
ferent characteristics: during and after processing of MEMS devices,
mechanical stress is arising in both the functional materials [1–4].
These stresses may be initiated by the disproportion of thermal
steps, due to intrinsic mechanical stresses which are inherent in
the formation process of the film, or due to the geometry of the
nanostructure. Large stresses can also be induced in the substrate
near embedded structures such as trenches or holes. Despite the
very precise methods developed for the formation of poly-Si layers,
the majority of poly-Si structures exhibit a high compressive stress.

Characterization of the intrinsic stresses is of great importance
in the poly-Si technology. For application in the MOS devices,
stressed films can lead to a high surface state density at the inter-
faces and in MEMS it causes bending or buckling of suspended
structures and may even break poly-Si structures [5].

Assessment of the reliability of MEMS requires accurate charac-
terization of mechanical stresses. Direct measurements of local
stresses must often accompany by analytical or numerical models
for deformation due to imprecise knowledge of materials proper-
ll rights reserved.

aumenko), vsnitka@ktu.lt
and to assist in microsystems design [6]. There are many methods
for stress evaluation like X-ray diffraction (XRD) and cross-sectional
transmission electron microscopy (XTEM) but these techniques are
time consuming and lack spatial resolution or are destructive [7].

The Raman spectroscopy is mostly applied in chemical studies
as a complementary technique to infrared spectroscopy, giving
information on the chemical composition and crystallinity of the
sample [8]. However, since the first reports of Anastassakis et al.
on the sensitivity of the Raman peak for mechanical stress [9],
the technique has been applied more and more for a stress evalu-
ation. The main advantages of Raman technique in this case are
that it is non-destructive, fast, has high spatial resolution and high
sensitivity for stress measurements [7,10–14].

Microcapsules are promising structures, especially in biomedi-
cal applications as drug delivery systems and individual in vitro
sensing devices. Thus it is very important to choose a suitable
material for its fabrication (non-toxic and biodegradable) and to
study its main properties [15,16].

In this paper, we present an evaluation of stress in poly-Si
microcapsules by means of micro-Raman spectroscopy and com-
positional mapping of crystalline, amorphous and poly-Si regions
distributions in Si microcapsules fabricated on Si wafers.
2. Experimental section

The microcapsules fabrication process is schematically shown
on Fig. 1. 400 p-type wafers with 0.01 X cm of resistivity were used
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Fig. 2. SEM images of the microcapsules: (a) general view of capsules distribution
before electrochemical polysilicon etching, and (b) capsule cross section obtained
by FIB; (c) general view of capsules distribution after electrochemical polysilicon
etching, and (d) SEM image of a cross section of a porous polysilicon structure
obtained by FIB.
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as a substrate (Fig. 1a) and a 400 nm silicon oxide was thermally
grown (Fig. 1b). Then, a photolithographic step and a dry etching
were carried out to pattern the silicon oxide layer (Fig. 1c and d).
After photoresist removing (Fig. 1e), a silicon isotropic deep reac-
tive ion etching (DRIE) process was performed to form the bottom
structures (Fig. 1f). A 200 nm poly-Si layer was deposited and
doped in POCl3 atmosphere (Fig. 1g and h). Then the structures
were ready for the electrochemical etching (Fig. 1i). The anodiza-
tion of the silicon was performed in a double cell tank which holds
the electrolyte that is a HF-Ethanol (1:1) solution. While the silicon
and poly-Si layers are getting porous, the silicon oxide that acts as
a sacrificial layer is removed. Different etching conditions have
been applied to optimize the pores dimensions and the total silicon
oxide removing. Finally, a current of 100 mA/cm2 density for 40 s
was applied to obtain the optimal conditions for a porous poly-Si
microcapsules formation and the totally removing the silicon oxi-
des. The structures designed are square microstructures with
3 � 3 lm2, homogenously distributed in a 300 lm thick silicon wa-
fer. So, each microstructure is formed by two different parts: a
body, which is the main part, and a base, that it has been only de-
signed to easily remove the structure from the substrate.

The SEM images were obtained on FIB Crossbeam 1560XB
microscope (Carl Zeiss AG) to control the fabrication and etching
processes. To optimize the conditions for total silicon oxide remov-
ing FIB milling was used. Stress characteristics and crystallinity of
the poly-Si were determined from the Raman measurements on
NTEGRA Spectra system (NT-MDT Inc.) on upright configuration
(with 100�, 0.95 NA objective) at the excitation wavelength of
632.8 nm and the controlling laser power of 1 mW to avoid tem-
perature effects. The acquisition time was varying between 1 and
10 s. The AFM characterization was obtained in the tapping mode
on the same setup using commercial silicon cantilevers NSG11
with a force constant of 5 Nm–1.

Fig. 2 shows SEM images before and after the porosification pro-
cess (PP). The application of optimal etching conditions, as men-
tioned above, allows to obtain porous poly-Si particles and to
remove totally the silicon oxide from them. It is clearly seen a
cavity inside the microparticle after PP (Fig. 2d).
Fig. 1. Fabrication process of polysilicon microcapsules.
3. Results and discussion

The AFM investigations demonstrate the changes in the surface
topography of microcapsules after PP (Fig. 3). First of all, the top
poly-Si part of the capsule (membrane) is bended after PP
(Fig. 3b). The cross-sections of microcapsules obtained by AFM
are presented in Fig. 3c. The deflection value of poly-Si membrane
reaches up to 200 nm. Naturally, it leads to a high stress in the par-
ticles and even their damage, especially on the particle edge
(Fig. 3b). AFM investigations of membranes surfaces morphology
(Fig. 3d and e) have shown the changes in membrane material
crystallinity structure after the electrochemical etching in HF-Eth-
anol solution. It is seen from Fig. 3d the poly-Si grains and their
edges become smoothed (Fig. 3e). It can be explained by the poly-
crystalline structure amorphization during the etching.

To evaluate a stress value distribution on the microcapsules, it
was done a Raman mapping. The Raman spectra were deconvo-
luted in bands specific the amorphous and crystalline parts by
the fitting of spectra with a Gaussian curves [17,18]. The obtained
fitting parameters were used to determine the stress level and
crystallinity of the samples. 2D or 3D maps of Raman shift, full-
width-at-halfmaximum (FWHM) and bands intensity can be ana-
lyzed using data collected at different penetration depths of laser
beam. Stress free poly-Si exhibits a sharp and strong Raman peak
at 520.3 cm�1, corresponding to the optical phonon energy of Si
(64 meV) regardless of excitation wavelength. Raman peak posi-
tion shifts towards the lower wavenumber side when Si is under
compressive stress. For stress (r) calculations it was used the pho-
non deformation potentials proposed by Anastassakis [19], which
gives finally the following equation: r � � 435 Dx, where Dx in
cm�1, r in MPa.

The investigation revealed that the stress is not equally distrib-
uted around the perimeter of the capsule. The maximum stress at a
level 1.74 GPa was found on the only one side of the microcapsule
membrane (Fig. 4). Apparently, it is caused by technological pro-
cess: the non-uniformity of deposited poly-Si film or thermally
grown silicon oxide, for example.

Three dimensional (3D) stress distributions in Si as a result of
poly-Si porous particle formation are non-destructively character-
ized and stress contour maps generated at different depths using a
nano-positioning actuator of XYZ scanning stage of micro-Raman
spectroscopy system. It was found a similar pattern for stress with
the maximal value at the edges (not shown here).



Fig. 3. 15 � 15 lm AFM topography images of non-etched (a) and etched (b) particles and their typical cross-sections (c). 2.5 � 2.5 lm AFM phase images of particles surfaces
for non-etched (d) and etched (e) types corresponding to the marked red squares on the images a and b, respectively.

Fig. 4. The typical stress mapping of etched particles surfaces using the model of
the phonon deformation potentials of Anastassakis [19].

Fig. 5. The compositional Raman mapping of crystalline, amorphous and poly-Si
(porous) regions distributions in the etched microcapsules.
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The compositional Raman mapping of crystal phases is shown in
Fig. 5. It is clearly seen three regions with porous (515–520 cm�1,
non-symetric Gaussian fit), amorphous (495–510 cm�1) and crys-
talline (520 cm�1, symetric Gaussian fit) Si phases.

4. Conclusions

The evaluation of stress in poly-Si microcapsules and their crys-
tallinity before and after electrochemical etching process by com-
bined micro-Raman spectroscopy and atomic force microscopy
was done. The Raman mapping of etched microcapsules revealed
the maximal value of stress of 1.74 GPa at their edges, value that
does affect the viability of the microstructures. It was also shown
the changing of poly-Si phase of microcapsules to amorphous
one after the electrochemical etching of silicon oxide in HF-Ethanol
solution. The combined AFM and Raman investigations of Si micro-
structures demonstrate a great potential to be used for the stress
and crystallinity evaluations and the improving of fabrication
process.
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