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N. A. Djuzheva,*, E. E. Guseva, A. A. Dedkovaa, D. A. Tovarnova, and M. A. Makhiborodaa

aNational Research University “MIET,” Moscow, 124498 Russia
*e-mail: bubbledouble@mail.ru

Received April 2, 2020; revised April 2, 2020; accepted April 2, 2020

Abstract—We have prepared the anode cell of an X-ray lithograph in the form of a PolySi/Si3N4/SiO2 mem-
brane structure using group technology. The design of the stand for determining mechanical properties of
membranes has been modernized. The critical pressure of a membrane structure with a diameter 250 μm var-
ies in the range from 0.484 to 0.56 MPa for 15 samples. The mechanical strength of the PolySi*/Si3N4/SiO2
structure is 3.13 GPa. The new model in the Comsol package shows good correlation between the experimen-
tal critical pressure and the theoretical mechanical strength of the membrane. The distribution of mechanical
stresses over the membrane has been obtained by simulation and analytic calculation. It is proved that the
structure breaking region is localized at the membrane/substrate interface.
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Fig. 1. Insufficient mechanical strength of a thin-film
membrane.
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INTRODUCTION
The tenfold exceedance of the diffraction limit of a

lithograph working wavelength of 193 nm increases
the cost of the process and equipment [1]. The version
with projection photolithography in the extreme ultra-
violet range (EUV lithography) with a working wave-
length of 13.5 nm [2] used for the formation of critical
chip sizes is insufficiently productive. One possible
solution is maskless X-ray nanolithography [3], which
potentially ensures efficient production. As a source of
X-ray radiation in a lithograph, an X-ray tube includ-
ing a cathode and a shot anode can be considered.
This study is devoted to analysis of mechanical prop-
erties of a shooting anode cell (Fig. 1). The anode cell
must withstand the vacuum atmosphere (excess pres-
sure of 0.1 MPa) of the X-ray tube and possess suffi-
ciently high X-ray transparency because of the small
thickness of the material in the membrane region. As
the element of the target, we chose polysilicon mate-
rial, which makes it possible to generate a wave with a
length of 13.5 nm. The SiO2 and Si3N4 layers possess
compressive and tensile stresses, which leads to com-
pensation of stresses and increases the mechanical
strength margin.

One problem in the development of silicon-based
electronic devices is the reliability of information on
mechanical properties of materials [4], especially on
account of the size effect between bulk and film mate-
rials [5].

Therefore, it is necessary to perfect the metrologi-
cal base of measurements. In [6], the mechanical
strength of borosilicate glass was measured by the
17
shock compression method. In [7], the mechanical
strength of a gallium nitride layer formed using
hydride-chloride vapor-phase epitaxy was determined
with the help of an indenter. In our study, we used a
contactless method of blowing a thin film with the
help of excess pressure. An advantage of this method is
the absence of introduced defects.

At present, technological approached to increasing
the mechanical strength are being perfected. For
example, circular membranes are used instead of rect-
angular ones [8]. This is because membrane rupture
mainly occurs over the membrane–substrate inter-
55
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Fig. 2. Analyzed structure: (a) general view; (b) cut of the
structure in the thin film region.
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face. The circular shape ensures much lower values of
elastic strains as compared to the rectangular shape of
membranes. The strains are distributed uniformly over
the membrane contour and in the membrane material
[8]. There is also a method for increasing mechanical
strength, which involves a change in the stoichiomet-
ric ratio of atoms in the material (e.g., by increasing
the carbon concentration in SiC) [9]. Other factors
facilitating the increase in mechanical strength
include the decrease in the number of surface defects
[10], the change in the grain size in the structure [11],
and doping of the film material with copper, zinc,
magnesium, manganese, and silicon atoms [5].

1. STRUCTURE PREPARATION

We used a KDB12 silicon monocrystalline wafer
with a diameter of 150 mm with the (100) crystallo-
graphic orientation and a thickness of 670 μm. A cir-
cular membrane was formed on a square Si crystal
with a side of 6 mm. The membrane structure under
investigation consists of the upper polycrystalline sili-
con layer with a thickness of 0.8 ± 0.05 μm, a silicon
nitride layer with a thickness of 0.13 ± 0.02 μm, and a
lower dielectric silicon oxide layer with a thickness of
0.5 ± 0.1 μm (Fig. 2). The topology of the set of mem-
branes is a circle with a diameter of 0.25 mm located at
the center of the crystal. The membrane does not con-
tain mechanical stress concentrators because of the
application of a circular etching template.

2. ANALYSIS OF MECHANICAL STRENGTH 
OF THE STRUCTURE

The range of mechanical strength values for silicon
oxide film was given in the following publications:
from 1.2 to 1.9 GPa for PECVD silicon oxide [12],
0.364 ± 0.057 GPa for PECVD SiO2 of thickness
1.0 μm [13], 0.89 ± 0.07 GPa for thermal SiO2 layers
of thickness from 507 to 985 nm [14], and 8.4 GPa for
filamentary SiO2 structures [15]. The mechanical
strength of a silicon nitride film is 14.0 GPa [15–17].
It was noted in monograph [18] that the mechanical
strength of the silicon nitride film obtained by the
LPCVD method varies in the range from 10.8 to
11.7 GPa for a film thickness from 72.6 to 83.4 nm.
According to the results obtained in [19], the mechan-
ical strength of LPCVD silicon nitride is 5.87 GPa. In
an analysis of the literature, we came across the fol-
lowing values of the mechanical strength of thin layers
of polycrystalline silicon: from 1.8 to 3.7 GPa depend-
ing on the grain size [20], 8.11 ± 0.31 GPa [21], 1.7 ±
0.5 GPa for a surface area of 225 μm2, 1.3 ± 0.3 GPa
for 1100 μm2 and 0.6 ± 0.2 GPa for 8600 μm2 [22],
1.0–1.2 GPa [23], 3.15 ± 0.69 GPa [24], 0.8–1.1 GPa
[25], and 1.0–1.5 GPa [26]. For further calculations,
we used the mechanical strength of 1.8 GPa for poly-
crystalline silicon, 0.365 GPa for silicon oxide, and
14 GPa for silicon nitride.

The theoretical value of mechanical strength (max-
imal mechanical stresses) σt of a membrane is calcu-
lated by the formula

(1)

where hPolySi is the thickness of the polycrystalline sili-
con layer,  is the thickness of the silicon oxide
layer, and  is the thickness of the silicon nitride
layer.

The calculated value of σt is 3.2 GPa. The mechan-
ical stress distribution over the membrane diameter is
calculated using the formula [5]

(2)
where a is the membrane radius, h is the membrane
thickness, P is the pressure on the membrane, μ is the
Poisson ratio of the membrane, and r is the distance
from the membrane center.

Figure 3a shows the results of calculations based on
formula (2) for the mechanical stress distribution over
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Fig. 3. Distribution of mechanical stresses in a membrane
with a diameter of 0.25 mm: (a) calculated by formula (4)
for P = 5.4 atm; (b) simulation for P = 5.4 atm.
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Fig. 4. Top view of the structure after rupture.
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the membrane diameter. According to analytic calcu-
lation, maximal mechanical stresses σmax appear when
the distance from the center (middle) of the mem-
brane equals its radius (i.e., r = a). Therefore, the pre-
dicted critical excess pressure Pcr is calculated by the
following formula [5]:

(3)

Coefficient B(μ) is calculated as . Poisson

ratio Pcr of the membrane is calculated using an
approach analogous to formula (1). Taking it into
account that μPolySi = 0.22,  = 0.2, and  =
0.23, the Poisson ratio for the membrane is 0.21. Con-
sequently, the value of coefficient B(μ) is 0.76. There-
fore, according to calculations based on formula (2),
the predicted value of critical excess pressure Pcr for a
membrane with a diameter of 0.25 mm is 0.554 MPa.

We have also constructed a model in the Comsol
Multiphysics medium. The coordinates of the sub-
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strate region along the X axis are from –325 to –125
μm and from 125 to 325 μm. The membrane region is
located symmetrically relative coordinate X = 0. We
choose a rectangular mesh in the membrane region,
which contained 1040 elements along the X axis and
22 elements along the Y axis (each layer of the film was
split into ten elements, while the Si3N4 layer contained
two cells because of its small thickness). In the silicon
substrate region, we chose a free triangular type of the
mesh. We obtained the dependence of the mechanical
stress distribution in a membrane with a diameter of
0.25 mm and in a thin film under an excess pressure of
0.54 MPa (Fig. 3b) according to experimental data.
The form of the stress distribution in the membrane
region coincides with the data of earlier publication [4].

The mechanical stress maximum is localized at the
membrane/substrate interface. The model developed
in the Comsol medium correlates well (with a relative
error of 0.25%) with experimental and theoretical data
because the maximal value of mechanical stresses is
3.17 GPa for an excess pressure of 0.54 MPa. In the
image of the structure after critical deformation of the
membrane (Fig. 4), the membrane material is not
detected in the silicon cavity. Therefore, the mem-
brane is ruptured over the membrane/substrate inter-
face.

3. ANALYSIS OF THE BIAXIAL ELASTIC 
MODULUS OF THE STRUCTURE

Analyzing the dependence of membrane deflection
w as a function of excess pressure P,

(4)

where P is the excess pressure, σ0 are the residual
mechanical stresses in the structure for P = 0, h is the
membrane thickness, w is the value of membrane
deflection, a is the membrane radius, E is the Young
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Fig. 5. Dependence of the maximal deflection of the
membrane on the excess pressure for a diameter of
0.25 mm.
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Fig. 6. Experimental dependence of the membrane deflec-
tion on the excess pressure.
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modulus, and μ is the Poisson ratio, we can determine
biaxial elastic modulus E/(1 – μ).

The values of coefficients C1 and C2 depend on the
membrane shape. Usually, for operation with circular
membranes, the values of C1 = 4 and C2 = 8/3 are
used. The P(w) dependence can be divided into the
steep and flat segments. The criterion for the steep
segment holds for small values of membrane deflec-
tion w; i.e., the first term is much larger than the sec-
ond one. The value of biaxial elastic modulus E/(1 – μ)
is calculated on the f lat segment of dependence (4) for
large values of membrane deflection w (i.e., the first
term in (4) can be omitted):

(5)

The Young modulus is 225 GPa for silicon nitride
[19], 60.1 ± 3.4 GPa for silicon oxide [13], and 155 GPa
for polycrystalline silicon [16, 20]. Consequently, the
Young modulus of the membrane is 128 GPa. The the-
oretical value of biaxial elastic modulus E/(1 – μ) of
the membrane is 162 GPa for Poisson ratio μ = 0.21
for the membrane, which was calculated earlier.

The dependence of the maximal deflection of the
membrane on the excess pressure is shown in Fig. 5.
The value of residual stresses of the structure calcu-
lated using formula (4) is 100 MPa. To improve the
correlation between the result of calculation based on
formula (4), simulation in the Comsol medium, and
experimental data, the initial deflection (for P = 0) is
taken as 4.5 μm for simulation and in the analytic cal-
culation, and biaxial elastic modulus E/(1 – μ) is
85 GPa.

Based on Fig. 5, we can draw several conclusions.
The relative error in the formula with experimental
data is 3.24%, while the relative error of simulation
with experimental data is 3.02%. The initial structure
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has a considerable deflection of the membrane, which
is not accounted in the initial formula and in the Com-
sol model. Calculating the elastic modulus by formula
(5) from experimental data at pressure P = 0.32 MPa,
we obtain 20 GPa, which is several times smaller than
the theoretical value. This can be due to the fact that
the experimentally determined array of values of w(P)
lies in the steep segment of dependence (4). Conse-
quently, it is necessary to develop accessories for pro-
tecting the profilometer from the material of explod-
ing membrane during scanning. This will give a larger
data array for w(P), which will improve the accuracy in
the determination of the biaxial elastic modulus.

4. EXPERIMENTAL DETERMINATION 
OF MECHANICAL STRENGTH

For determining mechanical properties of mem-
brane elements, we modified the stand designed ear-
lier in [5]. The excess pressure is now fed from the
mains (and not from a compressor). This permitted to
extend the upper limit of pressure to 0.65 MPa and
improved the stability of pressure value in the system.

We determined experimentally the values of the
critical excess pressure on the modernized stand. For a
diameter of 0.25 mm, the mechanical strength of the
PolySi/Si3N4/SiO2 membrane with a diameter of
0.25 mm is 0.52 ± 0.04 MPa (15 samples). It can be
seen that our result are characterized by high repro-
ducibility. The experimental value of mechanical
strength of a three-layer membrane is 3.13 GPa.

In experiments with excess pressures higher than
0.32 MPa, the membrane deflection was not mea-
sured (Fig. 6). This limitation is due to protection of
the costly objective of the profilometer from the mate-
rial of the exploding membrane. Its rupture can occur
during scanning of the sample surface by the profilo-
meter.

CONCLUSIONS
The experimental value of the mechanical strength

of a three-layer PolySi/Si3N4/SiO2 membrane is
TECHNICAL PHYSICS  Vol. 65  No. 11  2020
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3.13 GPa, the biaxial elastic modulus E/(1 – μ)
amounts to 20 GPa. The critical excess pressure of the
PolySi/Si3N4/SiO2 membrane structures on a silicon
substrate is 0.52 ± 0.04 MPa for a diameter of
0.25 mm. These results make it possible to use such
membranes as anodes of shooting X-ray sources with
a high mechanical strength safety margin. The
increase in mechanical strength is achieved by using a
set of layers instead of a monolayer membrane and the
effect of increase in the film strength by moderniza-
tion of deposition technology.
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