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Abstract—Experimental study of aluminum membranes on a
silicon substrate was conducted. Different combinations of Al
layers were formed by magnetron method. Thickness has been
determined by scanning electron microscope and secondary ion
mass spectrometer. The distribution of atoms in the depth of the
material was shown. The border between single layers of
aluminum was detected. The dependence of the surface
roughness on the number of membrane layers was given. A
method for assessing the mechanical strength of -circular
membranes has been developed. Influence of ion beam etching
process on membrane mechanical strength investigated.
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I. INTRODUCTION

Micro and nanotechnology membrane often plays a key
role in sensors (MEMS devices). The membrane is a part of
film, that is located in the air on part of it on the substrate. The
membrane is part of the anode in x-ray sources [1,2,3]. Itis a
converter of electron energy into photon energy. On the other
way, it is a part of sensitive element in gas flow meters [4,5,6].
The size of focal spot and x-ray intensity are increasing, while
increasing the area of the membrane. Measurement area is
increasing for air flow sensor. On the other hand, mechanical
strength of structure is decreasing. That’s why the amount of
overpressure that the structure can withstand without breaking
is decreasing. Besides, the probability of destruction when
exposed to the electrons of the anode [7] or the detection of
high speeds of air flow is increasing. Mechanical properties of
bulk and film materials are different [8,9]. Therefore, the
metrological base for controlling the mechanical strength of
membranes needs to be developed.

The mechanical strength of the membranes was measured
by contact (using an indenter [9, 10]) and contactless (forming
an excess pressure by air flow [8]) methods.

One of the ways to increase the mechanical strength is the
transition from a rectangular to a circular membrane [12]. This
is due to the fact that membrane rupture occurs along the
membrane-substrate boundary in most cases. The shape of the
circle provides significantly lower values of elastic
deformations compared to the rectangular shape of the
membrane. The strain values are evenly distributed along the
contour of the membrane and in the material of the membrane
[12].

Another approach is to change the structure by reducing the
grain size [9]. Increase in strength and hardness with a decrease
in grain size due to the introduction of additional grain
boundaries with large grain sizes, which are obstacles to the
movement of dislocations. And increase in strength due to the
low density of existing dislocations and the difficulty of
forming new dislocations with nanoscale grains. The
microhardness of nanocrystalline materials is 2-7 times higher
than the hardness of coarse-grained analogues and it does not
depend on the method of obtaining material [9,13]. In a number
of works, a decrease in hardness was observed with a decrease
in the grain size below a certain critical size, which is
associated with an increase in the fraction of triple junctions of
grain boundaries [14].

But, experimental confirmation of the claimed effects
practically absent in studies (including [9,12]) due to the lack
of measuring stands. In this paper, the authors used ion beam
etching to modify the crystal structure of the surface of a layer,
and experimentally evaluated the effect of the process on the
mechanical strength of the layers.

II. METHOD FOR ASSESSING MECHANICAL STRENGTH OF
MEMBRANES

We had developed a method for assessing the mechanical
strength of circular membranes. An equation is established
between excess pressure on membrane P and maximum
mechanical stress o,qv. The derivation of the equation is shown
below (1)-(12). The value of mechanical stresses o is calculated
as root of the sum of squares of radial o, and tangent o;
components [15, 16]:

¢ =TT ()
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where a is radius of membrane, / is thickness of membrane,
r —is distance from center of membrane, u is Poisson’s ratio of
membrane material.
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Maximum mechanical stresses (6=oma«) occur when the
distance from center of membrane is equal to the radius of the
membrane (7 = a):

Tonaa = %- ST Ced e 0B et 10 (10)

Tnm= I - IR A IR (11)
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Next, we introduce a variable B(u)= i"‘ 1+ @*. The final

equation allows us to establish an analytical relationship
between excess pressure on membrane P and maximum
mechanical stress o shown below (13):

Genar = B2+ B(p) (13)

The developer can calculate the critical excess pressure on
the membrane element of device from equation (13) by
substituting into the equation thickness of the membrane #, the
radius of the membrane a, the maximum mechanical stress oy
equal to the mechanical strength of the material and variable

B(u).
II.  EXPERIMENT

The process of manufacturing membranes was carried out
through the formation of cavities in silicon wafers in the Bosch
process. The plasma-chemical process (Bosch) is characterized
by a higher anisotropy and accuracy of the formation of
elements compared with the liquid method of etching silicon.
In addition, the etching rate reaches 10 um / min and does not
depend on the crystallographic orientation of the substrate. This
allows the membrane to form within a few hours. As a mask, a
layer of aluminum was used, which was applied on the reverse

side of the substrate (Fig. 1). The formation of layers of
aluminum film was carried out by magnetron sputtering on the
installation MAGNA. The surface was treated with an ion
beam (argon ions) with a power of 120 W and an energy of 300
eV after applying a single layer.

Fig.1. Stages 1-5 of the technological route of membrane formation

As can be seen from the figure above, membranes with
perforated areas of low mechanical strength were formed
during the final fifth stage of the technological route. The
perforated areas are either closed due to liquid etching in a
special cassette [17] or they form cracks along the perforation
line by means of manual mechanical action. This eliminates the
standard automatic cutting of the substrate on the crystals and
prevents the ingress of elements from the diamond disc, which
lead to critical deformation of the structure in the region of the
membrane.

IV. MEASUREMENT OF MEMBRANE PARAMETERS

Aluminum membranes consisting of a continuous layer, 10
layers, 20 layers and 30 layers were formed during the
technological route. The result of measuring the total thickness
of the films of the above samples using a scanning electron
microscope (SEM) Quanta 3D FEI is shown in Fig. 2 and 3
below.
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Fig.2 Control of the hickness of 2
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Next, the samples were studied by the method of secondary
ion mass spectrometry using a ToF.SIMS 5-100 time-of-flight
mass spectrometer by the German company ION-TOF. The
energy of the analytical beam Bi + was 30 keV. The sputtering
was carried out with Cs + ions with an energy of 2 keV in the
analysis of negative secondary ions. Spraying craters measured
300 x 300 microns. Ions from the central region of the crater
100 x 100 pm in size coinciding with the contact window were
used for analysis. The etching crater depth was measured using
an AlphaStep profilometer, after which the etching time was
recalculated into depth. The distribution profiles of the
elements in the studied samples are shown in Fig.4. The current
of the molecular ion AlSi— was measured together with the
currents of the atomic ions H-, C—, O—, Al- and Si—. The
maximum current of this ion corresponds to the interface
between the aluminum layer and the silicon substrate. The
result of measuring two types of film thickness using a time-of-
flight mass spectrometer is presented in Fig. 4 and 5 below.
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Fig.4 Control of the thickness of 20 layers of aluminum by means of SIMS
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Fig.5 Control of the thickness of 30 layers of aluminum by means of SIMS

Next, Fig. 6 presents a graph of the distribution of oxygen
in a 10-layer aluminum structure.
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Fig.6. Distribution of oxygen atoms in a 10-layer aluminum structure

It can be concluded, that a good correlation of the results of
measuring the thickness of aluminum is observed using a
scanning electron microscope and a time-of-flight mass
spectrometer. Analyzing the oxygen peaks it can be concluded
that the Al structure consists of 10 layers. The thickness of the
continuous layer of aluminum is 1340 + 10 nm, the total
thickness of 10 layers is 700 + nm, 20 layers of 780 + 10 nm,
and 30 layers of 800 + 10 nm.

Next, the roughness measurement of the samples was
performed on an AIST-NT SmartSPM 1000 atomic force
microscope. Fig. 7 shows a three-dimensional image of the
relief on a scan area of 20 x 20 um?.



Fig.7 Surface relief of the aluminum membrane

Next, Fig. 8 shows the dependence of the surface roughness
of the aluminum membrane (arithmetic average deviation of
the Ra profile) on the number of layers. The given dependence
visually proves that with an increase in the number of
aluminum layers, the total exposure time to the structure
increases linearly, which leads to an increase in roughness.
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Fig.8. The dependence of roughness on the number of layers of aluminum

V. MEASUREMENT OF MECHANICAL STRENGTH

The following results were obtained on a previously
developed stand for determining mechanical strength by bulge
method [18]. The accuracy of manometer is £ 0.05 atm. The
aluminum membrane with a diameter of 1.0 mm, which is a
continuous layer 1340 = 20 nm thick, withstands an excess
pressure of at least 5.8 atm. The dependence of deflection of
membrane w from excess pressure P shown on Fig.9.
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Fig.9. The dependence of deflection of membrane from excess pressure

We had good correlation w(P) from different samples.

The structure consisting of 10 layers with a total thickness
of 700 = 10 nm, withstands a critical excess pressure from 2.0
to 2.4 atm at @1.0 mm, and critical excess pressure from 2.7 to
33 atmat @ 0.75 mm.

The sample, which is 20 layers with a total thickness of 780
+ 25 nm, with overstay from 2.0 to 2.1 atm at ©@1.0 mm, and
critical excess pressure from 2.7 to 3.3 at a diameter 0.75 mm.

The structure, consisting of 30 layers with a total thickness
of 800 = 10 nm, withstands critical excess pressure of 2.1 atm

at @1.0 mm, and critical excess pressure from 2.7 to 3.2 atm at
?0.75 mm.

From Fig. 10, distribution of mechanical stresses over the
diameter of the membrane is shown by equation (9). Poisson's
ratio of aluminum is 0.34.
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Fig.10. Distribution of mechanical stresses along diameter of membrane of
800 nm thickness

Maximum mechanical stresses occur at the membrane —
substrate interface. The next step (Fig.11) was the calculated
value of the mechanical strength of the membranes (maximum
mechanical stresses) by equation (13).
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Fig.11. Dependence of maximum mechanical stresses from membrane
thickness

It is noticeable that value of the maximum mechanical
stresses decreases with increasing membrane thickness. The
difference of maximum mechanical stresses in 10 (700nm) and
20 (780nm) layers is much more than in 20 and 30 (800nm)
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layers. Therefore, the factor of the membrane layer thickness
significantly affects the mechanical strength than the etching
time factor. Consequently, values of maximum mechanical
stresses will be less for millimeter (“thick”) layers of materials
used in airplanes and spacecraft. The standard values of
mechanical strength of aluminum alloys vary in the range from
90 to 570 MPa, and depend on technology of layer formation
[19-22]. The mechanical strength of the aluminum material is
increased by doping with atoms of copper, zinc, magnesium,
manganese, and silicon. Another way to increase the strength
of aluminum is the creation of plastic (inelastic) deformation
due to thermal processing, which creates dislocations in the
aluminum crystal lattice. Dislocations increasingly collide with
each other with increasing plastic strain values. As a result, the
resistance to further deformation increases, therefore, the
strength increases. Operations are performed with higher
accuracy in microelectronics, so it is possible to get a greater
effect with a similar technology.

The specific strength of the material of the membrane can
be estimated by the ratio of the maximum stresses gyuq to the
thickness of membrane 4. For example, ratio oy./h varies from
6.64 t0 9.74 x 10'% Pa/nm with a thickness of 800 (30 layers) to
700 nm (10 layers) for a diameter of 0.75 mm. A similar
relationship was observed for a diameter of 1.0 mm. The total
exposure time of the ion gun increases with increasing number
of layers. Thus, value of specific strength of the material
decreases with an increase in the exposure time of the ion gun.

Next, samples with a continuous layer and a 10-layer
structure were subjected to ion beam etching in an argon
atmosphere for 22 minutes at a power of 500 W and an energy
of 500 eV. An aluminum membrane with a diameter of 1.0
mm, which is a continuous layer 1100 £ 30 nm thick (after
etching), withstands an overpressure of 3.1 atm. An aluminum
membrane with a diameter of 1.0 mm and a thickness of 550 +
30 nm, which is a set of layers, withstands an excess pressure
of 0.55 atm. Confirmed, that bombardment of the surface with
ions reduces the mechanical strength of the structures by
several times.

VL CONCLUSIONS

There is a good correlation between the results of
measuring the thickness of aluminum using a scanning electron
microscope and a secondary ion mass spectrometer. Borders
between single layers of aluminum are determined by oxygen
peaks. It has been experimentally determined that ion-beam
etching increases the structure roughness, which reduces the
mechanical strength of aluminum membranes several times.
The developer can calculate the critical excess pressure on the
membrane element of device from equation (13) by
substituting into the equation thickness of the membrane #, the
radius of the membrane «, the maximum mechanical stress oy
equal to the mechanical strength of the material and variable
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