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The construction of the microsensor with the ultrasonic wave of Lamba-type as well as
the conditions of the wave propagation are presented. The possibilities of the fabrication
of multi-layer membranes on a silicon base using the microelectronics technologies are
presented and discussed. The analysis of the usefulness of the processes mentioned for the
production of thin membrane sensors was carried out taking into consideration intrinsic
stresses. A summary of the experimental results is given and the most useful parameters
of the membrane ultrasonic sensors are pointed out.

1. Sensor construction and conditions of Lamba wave propagation

The sensor membrane with the Lamba type ultrasonic wave consists of several layers
of different thickness. For a membrane made of a silicon plate, the basic layer, which
determines the elasticity properties of the whole membrane, is a monocrystalline silicon
layer or a layer of silicon nitride or oxide. The others are piezoelectric and metallic layers.
In the metallic layer, the interdigital electrodes are made of the piezoelectric transducers
(IDT). A view of the transducers that are placed on the membrane surface as well as
the contact fields (white field denotes the surface etched in the silicon — at the bottom)
is presented in Fig. 1. The principle of the sensor work consists in the generation of an
ultrasonic wave in the plane membrane by means of two interdigital transducers (IDT).
One of them works as a transmitter and the other one as the receiver. The Lamba waves
are determined as transverse waves which propagate in the plate plane. Their polarization
plane is normal to the plane of the plate. These waves are symmetric and asymmetric
in relation to the plane in the middle thickness of the membrane. Each of those waves
can contain different numbers of the mode vibrations denoted by the indices 0, 1, 2.
The velocity of the Lamba wave propagation depends on the wave frequency and the
membrane thickness [2, 3].
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Fig. 1. The interdigital piezoelectric transducers (Al) on the surface of the sensor membrane.

For the symmetric wave it is possible to obtain lower phase velocities and a lower
wave frequency in the sufficiently thin membrane. In order to obtain high sensitivities,
in the application of membrane sensors as mass detectors, thin membranes should be
used [1]. That is why for the following conditions should be fulfilled by the membrane:
the maximum wave amplitude should be smaller than the thickness d, the wave length
λ should be significantly larger than the membrane thickness (λ À d), the membrane
width a and length b should be significantly larger than the thickness (a À d, b À d).
The technologies of the production of thin elastic layers in the sensors’ membranes are
described below. The following layers are deposited on the base: a piezoelectric layer
which is made of zinc oxide (ZnO) and a metallic one made of aluminium (Al) [4].

2. Fabrication of thin silicon membranes

The silicon membranes were obtained by anisotropic etching of the silicon. Wafers
with the diameter of 3′′, made of the monocrystalline silicon one-sidedly polished with the
orientation of <100> and a donor conductivity, phosphorus doped with resistivity of 1 –
2 Ωcm, were the basic material. The thickness of the wafers was 380 �m. The upper surface
of the wafers was protected by silicon nitride against etching in potassium hydroxide
(KOH). This layer was made by the LPCVD (Low Pressure Chemical Vapour Deposition)
method in the reaction of dichlorosilane (SiH2Cl2) with ammonia (NH3) at a temperature
of 800◦ C; the ratio of SiH2Cl2 to NH3 was 4 : 1. The thickness of the silicon nitride layer
(Si3N4) was 20 nm [6]. The membrane shape on the bottom side of the silicon wafer
was defined by a photolitographic process. The silicon nitride layer from the membrane
area was etched off in a plasma process and then the photoresist was removed. Finally
the wafer was etched in a aqueous solution of KOH. As the result of the anisotropic
silicon etching, membranes with sizes of 2× 2.5 mm and the thickness of 12 – 15 �m were
obtained [5]. The cross-section of the sensor membrane with the silicon layer is shown in
Fig. 2.
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Fig. 2. The cross-section through the sensor membrane with the monocrystalline silicon layer: ZnO —
the zinc oxide layer, Al — the aluminium layer, Si3N4 — the silicon nitride layer, Si — the wafer made

of <100> monocrystalline silicon.

3. Fabrication of the silicon nitride membranes

The silicon nitride Si3N4 layer was made by the LPCVD method at a temperature of
800◦C by the reaction of dichlorosilane (SiH2Cl2) with ammonia (NH3) [11]. The ratio of
the dichlorosilane to the ammonia was 4 : 1. The purity of the gases used in the process
was “electronic grade”. Under the described conditions, the deposition rate of the Si3N4

layer was about 0.066 nm/s. The one-side polished silicon wafers with the diameter of
3′′ and thickness of 380 �m were the substrate for the silicon nitride. They were made of
monocrystalline silicon of n-type conductivity (phosphorus doped). The resistivity of the
wafers and their crystallographic orientation were 1 – 2 Ωcm and < 100 >, respectively.
The silicon nitride layer of a thickness of about 1.3 �m was deposited during 330 min.
The thickness was measured by a reflectometer with accuracy of ±20 nm. The refractive
index of this layer was about 2.1. For the stoichiometry of the silicon nitride layer, the
refractive index was equal to 2.0. The influence of the deposition conditions on the value
of the refractive index in the silicon nitride layer is shown in Fig. 3.

As it can be seen, all the nitride layers obtained are not of the stoichiometric compo-
sition. The latter is SixNy layer with x > 3 and y < 4. The parameters of the deposition
process were chosen so as to minimize the stresses in the deposited layer. The total
stresses, which are the sum of the thermal stresses and the intrinsic one, were lower than
8 · 108 Pa [7]. The photomasking process was done at the bottom side of the wafers and
the Si3N4 was etched in a plasma process. Then, the wafers were etched in a KOH so-
lution. From of the anisotropic silicon etching, membranes made of silicon nitride with
sizes of 2× 2.5 mm and a thickness of 1.3 �m were obtained. In the membranes, however,
too high intrinsic stresses were present. They caused cracking of the membranes. The
dependence of the total stresses and the intrinsic one in the silicon nitride layer on the
DCS/NH3 ratio is shown in Fig. 4.

It was obvious that even for low values of the total stresses, which are the sum of
the thermal stresses and intrinsic one, those components could reach high values. It is
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Fig. 3. The dependence of the refractive index on the DCS/NH3 ratio.

Fig. 4. The dependence of the total and intrinsic stresses on the DCS/NH3.

the result of the existence of the stresses of different signs. Then, the silicon layer was
removed in the etching process. The thermal stresses were removed during etching the
silicon layer under a silicon nitride membrane. The remained intrinsic stresses were too
high, thus they destroyed the thin silicon nitride layer.
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A photograph of the membrane surface with silicon nitride is shown in Fig. 5. Traces
of the cracks can be seen on the surface.

Fig. 5. Micrograph of the membrane surface with a silicon nitride layer (view from the etched surface
side).

4. Fabrication of the Boron-Silicon-Glass membrane

The boron doped silicon dioxide layer (BSG-Boron Silicon Glass layer) was deposited
by the APCVD (Atmospheric Pressure Chemical Vapour Deposition) method by the
reaction of silane (SiH4), boron hydride (B2H6) and oxygen at 300◦C. The process of
deposition was carried out in the VAPOX 5000 reactor at three different concentration
of boron hydride in silane: 1, 2 and 3 percent. The volume ratio of oxygen to the mixture of
silane and boron hydride was 2 : 1 [10]. There was atmospheric pressure in the deposition
area. Under those conditions, the deposition rate of BSG was about 20 nm/s. The purity
of the gases were of “electronic grade”. The thickness of the BSG layers obtained was
2.15 �m. The BSG layer was deposited on silicon wafers coated with a thin silicon nitride
layer. The thickness of Si3N4 was 20 nm; it was deposited by the LPCVD method. Then
the second silicon nitride layer 20 nm thick was deposited on the top of the BSG layer.
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Silicon nitride layers deposited from both the sides of the BSG layer protected the latter
during the silicon etching. The silicon nitride layers were very thin and, therefore, their
influence on the BSG membrane deformation was insignificant. The thickness of the
layers was measured by a reflectometer and ellipsometer. The photomasking process was
performed on the bottom of the wafers and next the silicon nitride layer was etched
by plasma. Finally, the silicon was etched in a KOH solution. Membranes of sizes of
2× 2.5 mm and the thickness of about 2.1 �m, consisting of a BSG and two Si3N4 layers,
were obtained by the anisotropic etching. The dependence of total stresses in the BSG
layer on the concentration of the boron doping is shown in Fig. 6. The membrane with
the BSG layer is presented in Fig. 7.

Fig. 6. The dependence of the total stresses on the concentration of the doped boron.

Fig. 7. The cross-section through the sensor membrane with the BSG layer: ZnO — zinc oxide, Al —
aluminium, Si3N4 — silicon nitride, BSG — boron silicon glass, Si — monocrystalline <100> silicon.

A photograph of the membrane surface with a BSG layer with apparent surface
deformations is shown in Fig. 8.
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Fig. 8. The micrograph of the membrane surface with a BSG layer (view from the etched surface side).

5. Conclusions

The investigations of the fabrication of thin membranes made of monocrystalline
silicon, silicon nitride and boron silicon glass lead to the following conclusions:

1. The rectangular silicon membranes with the sizes (length, width) of several mil-
limetres (the membranes produced were 2.5×2 mm in size) and a thickness ranging from
ten to nineteen micrometers meet the requirements of sensors with a Lamba wave. The
ratio of the membrane thickness to its other sizes, however, is too low (1 : 150− 1 : 250)
to obtain high sensor sensitivities.

2. The rectangular silicon nitride membranes with the sizes (length, width) of several
millimetres and the thickness ranging from one to several micrometers were damaged
(cracked) because of the high intrinsic stresses. However, it is possible to obtain mem-
branes of sizes (length, width) lower than one millimetre and a thickness below one
micrometre. These small membranes can be applied in the sensors with Lamba wave.
Thus allows the ranging of the ratio thickness to other sizes from 1 : 500− 1 : 1500 and
the obtaining of highly sensitive sensors. In this case the paths of electrodes in the IDT
transducer should not exceed 3 – 5 �m.

3. It is possible to obtain rectangular boron silicon glass (BSG) membranes with sizes
(length, width) of a few millimetres and thickness ranging from one to two micrometres.
The lowest total stresses appear at a concentration of boron hydride in silane of about 1%
(Fig. 5). However, surface deformations on some of the membranes were observed; those
deformations disqualify them as membranes in sensors with Lamba wave. The production
of BSG layers has not been worked out yet and needs further investigations.



486 J. GOŁĘBIOWSKI

Apart from the processes that were discussed in this paper, it is possible to manufac-
ture thin membranes in a different ways, for example, by using etch-stop technique with
diffusion or an epitaxial layer. These layers should have a high boron concentration in
silicon (more than 8 · 1019 cm−3) [12].
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