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Abstract—The technology of forming blanks of nanostructured membranes for MEMS devices based on
alternating Si3N4/SiO2 layers with a nanometer thickness has been developed. A comprehensive study of the
structure and composition of membranes using microanalysis methods based on spectroscopic ellipsometry,
scanning electron microscopy (SEM), secondary ion mass spectrometry (SIMS), Auger electron spectros-
copy (AES), probe profilometry, and X-ray diffractometry is performed. The mechanical stress in silicon
wafers with blanks of nanostructured membranes is experimentally determined.
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INTRODUCTION
In many devices based on MEMS elements, such

as gas f low, pressure, electromagnetic radiation,
object velocity, and acceleration sensors, a number of
basic working parameters are determined by the char-
acteristics of membranes on which the sensitive ele-
ments (sensors) of these devices are formed. Indeed,
the mechanical, thermal, optical, and dielectric prop-
erties of membranes to a large extent determine the
sensitivity of the sensor to the measured impacts [1, 2].

Figure 1 shows a gas-flow sensor based on two
thin-film platinum thermoresistors and the thin-film
platinum heating element formed on a dielectric
membrane consisting of four alternating layers of sili-
con oxide and nitride SiO2(0.6 μm)/Si3N4(0.13 μm)/
SiO2(0.3 μm)/Si3N4(0.13 μm). The sensitivity of such
a sensor to the measured gas f low depends on the spe-
cific resistance and temperature resistance coefficient
(TRC) of platinum thermoresistors, as well as the heat
conduction and heat capacity of the dielectric mem-
brane [3].

For reducing the heat conduction and heat capac-
ity of dielectric membranes in order to increase the
sensor sensitivity, the membrane thickness should be
as minimal as possible. The lower limit of the dielec-
tric membrane thickness is determined by its mechan-
ical strength and depends on the material of applied
layers and methods and modes of their formation.

The ratio of SiO2 and Si3N4 layer thickness in
blanks of the applied microstructured membranes

(membranes with layers whose thickness is in a range
of 0.1–1.0 μm) is chosen from the condition of
obtaining small tensile stress in wafers with silicon
oxide and nitride layers. Under this condition, silicon
through etching and membrane formation should

Fig. 1. (Color online) Schematic diagram of the gas-
f low sensor manufactured with the membrane formed
on the silicon wafer: (1) silicon wafer, (2) dielectric
membrane of four alternating silicon oxide and silicon
nitride layers SiO2(0.6 μm)/Si3N4(0.13 μm)/SiO2(0.3 μm)/
Si3N4(0.13 μm), (3) platinum thermoresistors, (4) plati-
num heating resistor placed at distance d from the thermore-
sistors (the color shows the change in temperature (thermal)
field distribution under the action of the gas f low).
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result in slight membrane stretching, which is neces-
sary for increasing the signal-to-noise ratio in ther-
moresistive converters by eliminating oscillations typ-
ical for some nonstretched membranes.

Another promising direction for the application of
thin membranes from a set of SiO2/Si3N4 layers in the
near future is connected with units of open-vacuum
X-ray sources with shot-through membrane targets. In
such X-ray sources, the electron beam, passing the
membrane, generates X rays with the required wave-
length in the film from the given metal with a large
atomic number deposited on the membrane. In this
case, variants of forming membranes with plane, con-
cave, and convex surfaces [4] should exist for various
applications of X-ray sources.

Naturally, silicon oxide SiO2 and nitride Si3N4
films are used in silicon planar technology as dielectric
membrane layers. Silicon oxynitride SiOxNy films are
hardly used for this purpose due to the time and tem-
perature instability of their composition and proper-
ties. In order to form a membrane on the back surface
of the silicon wafer, most often of KDB-12(100) or
KEF-4,5(100) grade oxidized from both sides, photo-
lithography on silicon oxide is applied. Then, liquid
chemical or plasma chemical etching of silicon
through the whole wafer thickness up to the SiO2 film
on the front surface is then performed through open
regions in silicon oxide [5].

The following processes are applied for forming
SiO2 and Si3N4 films: high temperature (900–1100°C)
thermal oxidation and nitridation, chemical deposi-
tion from the gas phase, and both high temperature
(500–800°C) without plasma enhancement (chemical
vapor deposition (CVD)) and low temperature (200–
400°C) with plasma enhancement (plasma enhanced
CVD (PECVD)) [6].

The physical deposition of SiO2 and Si3N4 films
from the gas phase (physical vapor deposition (PVD)),
such as deposition using the reactive magnetron sput-
tering of silicon targets or the high-frequency sputter-
ing of quartz and silicon nitride targets, are not used
for the formation of membrane layers because of the
high imperfection of deposited films [7].

The main functional characteristics of membranes
for X-ray sources are their high mechanical strength
and high transparency to electron beams, and mem-
branes for thermoresistive heat converters, along with
high mechanical strength, should possess low heat
capacity and heat conduction for good sensor thermal
insulation. Moreover, it should be possible to change
the shape of the membrane surface by the appropriate
choice of mechanical stress in membrane layers.

Obviously, to improve these characteristics it is
necessary to reduce the thickness of the standard
membrane and, in order to maintain the mechanical
strength, it is necessary to use nanostructuring, i.e.,
form new membranes as sets of silicon dioxide/silicon

nitride (SiO2/Si3N4) films with nanometer thickness
[8]. The reduction in the thickness of separate layers
and the growth in their number in nanostructured
membranes would also allow one to monitor more
precisely the shape of the membrane surface as
required for different applications.

The objective of this study is to develop processes
for the formation of nanostructured membranes for
MEMS devices and investigate their structure, com-
position, and parameters.

EXPERIMENT
Thermally oxidized silicon KDB-12(100) wafers

with a silicon oxide thickness of 300 nm (0.3 µm) and
a diameter of 150 mm were used as blanks for nano-
structured membranes. Since silicon wafers with two-
sided polish are quite expensive, some blanks were
formed from new silicon wafers by their thermal oxi-
dation. The second part of the blanks was formed via
the recovery of oxidized wafers by the layer of high
temperature silicon nitride with a thickness of 130 nm
(0.13 µm deposited on the oxide surface by removing
the Si3N4 layer via plasma chemical etching).

Less expensive recovered wafers were used in the
development of modes of formation of nanostruc-
tured-membrane blanks and the accompanying stud-
ies. Blanks of nanostructured membranes from expen-
sive new wafers were used for the production of test
samples of gas-flow sensors (Fig. 1).

Sets of alternating Si3N4 and SiO2 films with nano-
meter thicknesses deposited on thermal silicon oxide
were produced at the STS LPX PECVD installation
for plasma-enhanced chemical deposition from the
gas phase manufactured by SPTS Technologies
(Great Britain); a schematic diagram of the working
chamber is shown in Fig. 2.

The working chamber represents a diode-type
reactor with two plane parallel electrodes. The lower
electrode–substrate holder is loaded with the pro-
cessed silicon wafer (1) through the lock. The reactor
is pumped out through the exhaust line with the throt-
tling shutter (5) by the dry chemically resistant pump
to a residual pressure of 3 Pa. Electrodes and walls of
the working chamber were heated using three heaters
to the following temperatures: lower electrode–sub-
strate holder by heater (3) to Td = 300°C, upper elec-
trode to Tu = 250°C, and chamber walls to Tw = 75°C.

The working gas could be supplied to the working
chamber via six gas lines through the gas inlet in the
upper electrode and distributed in space via the gas
flow collector (7). The working pressure for plasma-
enhanced chemical deposition from the gas phase was
in the range of (30–300) Pa. High frequency (HF)
voltage from the RF generator (6) with a frequency of
13.56 MHz was supplied to the lower electrode, and an
RF discharge was ignited in the working chamber; the
decomposition and activation of molecules of the
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working gases took place in the plasma of this dis-
charge. Plasma enhancement of the working gases
substantially reduces the substrate-holder temperature
during chemical deposition from the gas phase when
compared to thermal deposition [6].

Voltage from the low frequency (LF) generator (4)
with a frequency of 380 kHz could be supplied to the
lower electrode–substrate holder. If the voltage from
the LF generator was supplied to the lower electrode,
its negative displacement with respect to the discharge
plasma increased and the energy and intensity of ion
bombardment of the dielectric film deposited on the
wafer increased. Ion bombardment has almost no
influence on the quality of the silicon dioxide films,
but it noticeably improves the quality of the silicon
nitride layers. Therefore, the voltage from the LF gen-
erator was supplied to the lower electrode for Si3N4
deposition only.

Tables 1 and 2 give the modes (operational param-
eters) of the processes of plasma-enhanced chemical
deposition from the gas phase of silicon nitride (Si3N4)
and silicon dioxide (oxide) (Si3O2) films applied in
this study at the STS LPX PECVD installation for the
production of multilayered nanostructured mem-
branes from sets of Si3N4/SiO2 layers deposited on the
film of thermal silicon dioxide with a thickness of
0.3 µm.

To determine the deposition time for the sets of
Si3N4/SiO2 layers with different nanometer thick-
nesses, single processes with the parameters given in
Tables 1 and 2 were applied for test silicon wafers with
different deposition times. The thickness of the Si3N4
and SiO2 layers obtained on the test wafers was mea-
sured using an Auto SE scanning spectral ellipsometer
manufactured by HORIBA Scientific (Japan). The
results of these experiments were used to choose the
times of the alternating deposition of Si3N4/SiO2 lay-
ers, according to Tables 1 and 2, in order to form
membranes with a Si3N4 and SiO2 film thickness in
the range of 100 nm, 50 nm, and 25 nm. The results are
given in Table 3.

It should be noted that, according to Tables 1–3,
switching of the mode from Si3N4 to SiO2 layer depo-
sition in the formation of multilayered nanostructured

membranes from sets of Si3N4/SiO2 layers on the
working wafers took 60 s by stopping the supply of the
applied working gases, the reactor pump-through, and
the supply of other working gases.

The STS LPX PECVD installation is capable of
providing the deposition of any sets of Si3N4/SiO2 lay-
ers in the automatic mode; for this purpose, it is nec-
essary to code the deposition modes (recipes) in its
control computer and set these modes as the working
ones. In order to try out the modes of formation of
multilayered nanostructured membranes from sets of
Si3N4/SiO2 layers, the Si3N4 and SiO2 layer deposition
modes were switched manually by corresponding
commands.

Fig. 2. (Color online) Schematic diagram of the working
chamber of the installation for plasma-enhanced chemical
deposition from the gas phase of silicon oxide and silicon
nitride films STS LPX PECVD manufactured by SPTS
Technologies (Great Britain): (1) processed wafer situated
on the electrode–substrate holder heated by heater 3—
voltage from low frequency (LF) generator 4 with a fre-
quency of 380 kHz can be supplied to this electrode;
(2) emission spectrometer for recording plasma parame-
ters in film-deposition processes; (5) pump-out line with
the throttle valve; (6) high-frequency (HF) generator with
a frequency of 13.56 MHz supplying the voltage to the
upper electrode through which working gases are input
into the working chamber (reactor); and (7) distributed
collector of the gas f low.
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Table 1. Operational parameters of plasma-enhanced chemical deposition from the gas phase of silicon nitride (Si3N4) films
at the STS LPX PECVD installation

The duration of the last stage of the process consisting of ion bombardment of the deposited Si3N4 film is 2 min (120 s).

Silane f low rate 
Q(SiH4), cm3/min

Ammonia f low rate 
Q(NH3), cm3/min

Nitrous oxide f low 
rate Q(N2O), 

cm3/min

Working 
pressure p, Pa

Generator 
power W, W Generator type

25 55 1960 120 100 HF
25 55 1960 30 LF

1960 100 HF
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The reactor “memory” effect connected with the
adsorption of working gases on the inner walls and the
deposition of silicon nitride and dioxide on these walls
results in the fact that the layer thickness in
Si3N4/SiO2 sets on the working wafers differs from the
thickness obtained with the test wafers. The reactor
memory effect also results in the smearing of the inter-
faces between Si3N4 and SiO2 layers in nanostructured
membranes. Moreover, Si3N4 and SiO2 layers were
deposited on the test wafers with the silicon surface,
while for the working wafers they were deposited on
SiO2 and Si3N4 surfaces, respectively.

The STS LPX PECVD installation for plasma-
enhanced chemical deposition from the gas phase on
silicon wafers with a thermal oxide thickness of
300 nm was applied to form blanks for three designs of
nanostructured membranes m1, m2, and m3, with a
total thickness of dielectric layers of about 1 µm and
the Si3N4 and SiO2 layer thickness calculated based on
the data of Table 3 in a range of 100, 50, and 25 nm.

The design of the membrane m1 blank should
consist of eight alternating SiO2/Si3N4 layers:
SiO2(300 nm)/Si3N4(100 nm)/SiO2(100 nm)/
Si3N4(100 nm)/SiO2(100 nm)/Si3N4(100 nm)/
SiO2(100 nm)/Si3N4(100 nm).

The design of the membrane m2 blank should con-
sist of 16 alternating SiO2/Si3N4 layers: SiO2(300 nm)/
Si3N4(50 nm)/SiO2(50 nm)/Si3N4(50 nm)/
SiO2(50 nm)/Si3N4(50 nm)/SiO2(50 nm)/
Si3N4(50 nm)/SiO2(50 nm)/Si3N4(50 nm)/
SiO2(50 nm)/Si3N4(50 nm)/SiO2(50 nm)/
Si3N4(50 nm)/SiO2(50 nm)/Si3N4(50 nm).

The design of the membrane m3 blank should
consist of 28 alternating SiO2/Si3N4 layers:
SiO2(300 nm)/Si3N4(25 nm)/SiO2(25 nm)/
Si3N4(25 nm)/SiO2(25 nm)/Si3N4(25 nm)/
SiO2(25 nm)/Si3N4(25 nm)/SiO2(25 nm)/

Si3N4(25 nm)/SiO2(25 nm)/Si3N4(25 nm)/
SiO2(25 nm)/Si3N4(25 nm)/SiO2(25 nm)/
Si3N4(25 nm)/SiO2(25 nm)/Si3N4(25 nm)/
SiO2(25 nm)/Si3N4(25 nm)/SiO2(25 nm)/
Si3N4(25 nm)/SiO2(25 nm)/Si3N4(25 nm)/
SiO2(25 nm)/Si3N4(25 nm)/SiO2(25 nm)/
Si3N4(25 nm).

RESULTS AND DISCUSSION
Titanium film with a thickness of 15 nm was

applied on the surface of three wafers with blanks of
membranes m1, m2, and m3 in order to prevent the
electric charging of dielectric membrane films in the
course of a series of studies and measurements of the
composition and structure of layers in blanks of nano-
structured membranes using different electron and ion
monitoring and measurement systems. Then the
wafers were cut into specimens with optimal sizes for
different monitoring and measurement systems.

The sets of SiO2/Si3N4 layers in the specimens of
nanostructured membrane blanks were visualized
using the double-beam Quanta 3D FEG system man-
ufactured by FEI Company (United States), which
includes the scanning electron microscope (SEM)
and the focused ion beam. The system provides trans-
verse cuts of specimens using the focused ion beam
with a subsequent investigation of the cut surface
structure using SEM.

Figure 3 shows the secondary electron images of
the cross sections for the specimens of blanks of nano-
structured membranes m1, m2, and m3, respectively.
It can be seen from the photo in Fig. 3a that all eight
alternating SiO2/Si3N4 layers, including the first thick
(301.4 nm) layer of thermal silicon oxide, are present
in the membrane m1 blank. Secondary electron emis-
sion from the Si3N4 layers is higher and they have
lighter background than SiO2 layers in the photo, and

Table 2. Operational parameters of plasma-enhanced chemical deposition from the gas phase of silicon dioxide (oxide)
(SiO2) films at the STS LPX PECVD installation

Silane f low rate 
Q(SiH4), cm3/min

Nitrous oxide f low 
rate Q(N2O), 

cm3/min

Nitrogen flow rate 
Q(N2), cm3/min

Working
pressure p, Pa

Generator 
power W, W Generator type

12 1420 392 73 50 HF

Table 3. Chosen times of alternating processes of Si3N4/SiO2-layer deposition according to Tables 1 and 2 for blanks of
nanostructured membranes, and corresponding Si3N4 and SiO2 film thicknesses on the silicon surface for test wafers in sin-
gle processes

Film material Process time, s Film thickness, nm Film material Process time, s Film thickness, nm

Si3N4 240 103 SiO2 120 95
Si3N4 120 50 SiO2 60 44
Si3N4 60 26 SiO2 30 22
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the upper light layer is titanium film applied on the
wafer surface for the electric charge drain.

A photo of the nanostructured membrane m2
blank is shown in Fig. 3b. It contains fourteen alter-
nating SiO2/Si3N4 layers instead of the set sixteen lay-
ers, since the SiO2 layer between the fifth and the sixth
Si3N4 layers is missing and the doubled Si3N4 layer has
a doubled thickness of 88.1 nm, unlike the other Si3N4
layers (the layers are enumerated upward). This is con-
nected with the fact that the operator missed one of
the switchings from the Si3N4 to SiO2 film deposition
mode.

The photo of the nanostructured membrane m3
(Fig. 3c) shows all 28 sets of alternating SiO2/Si3N4
layers. It can be seen, however, that the thickness of
the lowermost Si3N4 layer is larger than 100 nm, which
testifies that the layer of high temperature silicon
nitride was not etched off the membrane blank in the
course of wafer recovery and additional deposition of
the Si3N4 layer in the high-temperature plasma
enhanced process.

To determine the elemental composition and stoi-
chiometry of SiO2 and Si3N4 layers, we used the SIMS
and AES methods. These methods were also used for
a more precise determination of the thickness of the
layers, since the “smearing” of the cross-section
image obtained with secondary electrons for the sets of
SiO2/Si3N4 layers using SEM prevented a precise
measurement of the thickness of separate silicon oxide
and nitride films in the blanks of the nanostructured
membranes.

The element-distribution profile into the sets of
SiO2/Si3N4 layers on the membranes was obtained
using the new-generation TOF.SIMS 5 SIMS system
manufactured by IONTOF (Germany).

The SIMS method is based on the physical sputter-
ing of surface atomic layers of a specimen by a beam of
high-energy ions called “primary ions.” Hitting the
specimen’s surface, the primary ion causes a cascade
of collisions resulting in sputtering of the specimen
material both in the form of neutral and charged par-
ticles, “secondary ions.” An analysis of secondary ions
provides information on the elemental and isotopic
composition of the material in the studied area. In the
mass spectrometric analysis of the sputtered material,
secondary ions form the secondary ion beam, are
accelerated, are sorted with respect to the mass-to-
charge ratio, and the signal intensity is detected.

The TOF.SIMS 5 system applies a new principle of
two ion beams, the synchronous alternation of pulsed
analyzing and sputtering beams. Moreover, the
TOF.SIMS 5 system presents fundamentally new
capabilities for an analysis of dielectric structures, as
well as poorly conducting thin film structures on
dielectric substrates, which often presents an unsolv-
able problem in dynamic SIMS systems.

For this purpose, the TOF.SIMS 5 system contains
an additional low-energy electron gun operating in the
pulsed mode. The electron beam completely neutral-
izes the charge caused by the analyzing low-current
ion beam. To compensate the charge caused by sput-
tering ion beams with a much higher current (hun-
dreds of nA), additional time delays in the “sputter-
ing–analysis” sequence are introduced in a wide range
from units of microseconds to several seconds [9].

An analysis of the specimens of nanostructured
membrane blanks in the TOF.SIMS 5 system was per-
formed under the following conditions:

(i) etching of a crater in membranes by cesium Cs+

ions with an energy of 1 keV on a 300 × 300 µm pat-
tern;

(ii) analyzing beam of bismuth (Bi+) ions with a
current of 1.5 pA had an energy of 30 keV and a pattern
of 100 × 100 µm;

(iii) for measuring the depth of the ion etched cra-
ter, an Alpha-Step D-120 contact profilometer manu-
factured by KLA-Tencor Instruments (United States)
was applied.

The SIMS element-distribution profiles obtained
in the TOF.SIMS 5 system in the specimens of nano-
structured membrane m1, m2, and m3 blanks are
shown in Fig. 4.

It can be seen from Fig. 4a that the blanks of mem-
brane m1 have eight preset alternating SiO2/Si3N4 lay-
ers with the following thicknesses: SiO2(300 nm)/
Si3N4(100 nm)/SiO2(80 nm)/Si3N4(100 nm)/
SiO2(80 nm)/Si3N4(100 nm)/SiO2(80 nm)/
Si3N4(100 nm). Therefore, unlike the case of deposit-
ing a SiO2 film with a thickness of 100 nm calculated
with the help of a test wafer in a single process, the
thickness of a SiO2 layer formed in one of the alter-
nating processes of plasma-enhanced chemical
Si3N4/SiO2 deposition from the gas phase is reduced
by 20 nm (or 20%) for the same deposition time. The
thickness of the Si3N4 film of 100 nm corresponds to
the thickness calculated by the deposition time of
the silicon nitride layer onto the test wafer in a sin-
gle process.

Figure 4b shows that the specimen of membrane
m2 blank has fourteen alternating SiO2/Si3N4 layers
instead of sixteen layers. The layers have the following
thicknesses: SiO2(300 nm)/Si3N4(47 nm)/SiO2(34 nm)/
Si3N4(47 nm)/SiO2(34 nm)/Si3N4(47 nm)/
SiO2(34 nm)/Si3N4(47 nm)/SiO2(34 nm)/
Si3N4(94 nm)/SiO2(34 nm)/Si3N4(47 nm)/
SiO2(34 nm)/Si3N4(47 nm). It can be seen that the
SiO2 layer between the 5th and 6th Si3N4 layers is
missing, and the doubled Si3N4 layer has a doubled
thickness of 94 nm, unlike the other layers. According
to the calculation of the deposition time using the test
wafer in single processes, Si3N4 and SiO2 films should
have a thickness of 50 nm. While the thickness of the
silicon nitride layer obtained in the alternating pro-
cesses of plasma-enhanced chemical deposition from
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Fig. 3. (Color online) Photos of secondary electron images of transverse cuts for specimens of nanostructured membrane blanks:
(a) specimen of membrane m1 blank consisting of eight preset alternating SiO2/Si3N4 layers (Si3N4 layers have a lighter background than
SiO2 layers, and the upper light layer is a titanium film applied on the wafer surface for charge drain); (b) specimen of membrane m2 blank
consisting of 14 alternating SiO2/Si3N4 layers instead of the preset 16 layers: the SiO2 layer between the fifth and sixth Si3N4 layers is miss-
ing, and the doubled Si3N4 layer has a doubled thickness of 88.1 nm, unlike other Si3N4 layers (layers are enumerated upward); and (c)
specimen of membrane m3 blank consisting of 28 preset alternating SiO2/Si3N4 layers (it can be seen that the lowermost Si3N4 layer has
a thickness larger than 100 nm, which indicates that the layer of high temperature silicon nitride was not etched off the membrane blank).
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Fig. 4. (Color online) Element distribution over depth obtained by SIMS in specimens of nanostructured membrane blanks:
(a) the specimen of the membrane m1 blank has eight preset alternating SiO2/Si3N4 layers and a layer of titanium and its oxides
with a thickness of at least 20 nm on the surface; (b) specimen of the membrane m2 blank has 14 alternating SiO2/Si3N4 layers
instead of the preset 16 layers and a layer of titanium and its oxides with a thickness of at least 20 nm on the surface (the SiO2
between the fifth and sixth Si3N4 layers is missing and the doubled Si3N4 layer has a doubled thickness of 94 nm, unlike the other
layers); and (c) specimen of the membrane m3 blank in SIMS analysis was etched to a film of thick thermal oxide followed by a
peak of the first thick (160 nm) silicon nitride layer; therefore, the membrane blank has 28 alternating SiO2/Si3N4 layers and a
layer of titanium and its oxides with a thickness of at least 20 nm on the surface.
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Fig. 5. (Color online) Element distribution over depth obtained by AES in specimens of nanostructured membrane blanks:
(a) specimen of the membrane m1 blank has eight preset alternating SiO2/Si3N4 layers and a layer of titanium and its oxides on
the surface; (b) specimen of the membrane m2 blank has 14 alternating SiO2/Si3N4 layers instead of the preset 16 layers and a
layer of titanium and its oxides on the surface (the SiO2 between the fifth and sixth Si3N4 layers is missing and the doubled Si3N4
layer has a doubled thickness of about 100 nm, unlike the other layers); and (c) specimen of membrane m3 blank in AES analysis
was etched to a film of thick thermal oxide followed by a peak of the first thick (160 nm) silicon nitride layer; therefore, the mem-
brane blank has 28 alternating SiO2/Si3N4 layers and a layer of titanium and its oxides on the surface.
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Table 4. Calculated average thicknesses of alternating SiO2/Si3N4 layers deposited in plasma-enhanced processes on spec-
imens of nanostructured m1, m2, and m3 membrane blanks

Membrane blank specimen SiO2 layer thickness, nm Si3N4 layer thickness, nm Thickness of the pair of layers 
SiO2 and Si3N4, nm

m1 81.3 100.7 182
m2 40.3 55.2 95.5
m3 15.2 23.8 39

the gas phase is close to this value, the thickness of the
silicon dioxide layer is 16 nm smaller (almost 30%).

According to Fig. 4c, the etching of the specimen of
nanostructured membrane m3 blank in the course of
SIMS analysis was performed for a film of thick
(300 nm) thermal silicon oxide, which is the first in
the series of layer peaks in the right upper corner. It
can be seen, however, that the first Si3N4 layer has a
thickness of 160 nm, which testifies that the layer of
high-temperature Si3N4 was not etched off the mem-
brane blank in the recovery of the silicon wafer and the
subsequent deposition of the Si3N4 layer in the low-
temperature plasma-enhanced process.

Taking into account this condition, the specimen
of membrane m3 blank has all 28 preset alternating
SiO2/Si3N4 layers with the following thicknesses:
SiO2(300 nm)/Si3N4(160 nm)/SiO2(15 nm)/
Si3N4(27 nm)/SiO2(15 nm)/Si3N4(27 nm)/
SiO2(15 nm)/Si3N4(27 nm)/SiO2(15 nm)/
Si3N4(27 nm)/SiO2(15 nm)/Si3N4(27 nm)/
SiO2(15 nm)/Si3N4(27 nm)/SiO2(15 nm)/
Si3N4(27 nm)/SiO2(15 nm)/Si3N4(27 nm)/
SiO2(15 nm)/Si3N4(27 nm)/SiO2(15 nm)/
Si3N4(27 nm)/SiO2(15 nm)/Si3N4(27 nm)/
SiO2(15 nm)/Si3N4(27 nm)/SiO2(15 nm)/
Si3N4(27 nm).

According to the deposition time for the test wafer
in single processes, the Si3N4 and SiO2 films on the
specimen of membrane m3 blank should have a thick-
ness of 25 nm. The thickness of the Si3N4 layer
obtained in the alternating processes of plasma-
enhanced chemical deposition from the gas phase is
close to this value, while the thickness of the SiO2 layer
is 10 nm smaller (by 40%).

It should be noted that the precision of determin-
ing layer thickness by element distribution profiles
obtained using SIMS analysis depends on the ratio of
etching rates for silicon nitride and oxide layers by
cesium ions; the closer the etching rates are, the more
precisely the layer thickness is determined. The etch-
ing rates for the SiO2 and Si3N4 films by argon ions
with an energy of 1 keV differ by less than 10% [10],
while for cesium ions these rates should be determined
for particular studied films.

To determine the elemental composition of the set
of Si3N4/SiO2 layers produced on specimens of the
membrane blanks in the alternating processes of
plasma-enhanced chemical deposition from the gas

phase and a more precise measurement of their thick-
ness, the specimens were studied using the AES
method on a PHI-670xi AES spectrometer manufac-
tured by Physical Electronics (United States). The
profile Auger analysis of the studied specimens was
performed under the following conditions:

(i) accelerating voltage of the primary electron
beam 10 kV;

(ii) primary electron-beam current 20 nA;
(iii) accelerating voltage of argon (Ar+) ion beam

3 kV;
(iv) ion-beam current 0.6 µA;
(v) diameter of the averaging region for Auger sig-

nal detection 170 µm.
The element concentrations were calculated

according to the model of homogeneous distribution
using the method of relative inverse-element sensitiv-
ity coefficients [11]. The relative element sensitivity
coefficients for nitrogen, oxygen, silicon, and titanium
were obtained in advance at test specimens of thermal
silicon oxide, silicon nitride, and titanium oxide.

To obtain element distribution over the depth of
the nanostructured membrane blanks, the average ion
sputtering rate for silicon dioxide and nitride was
determined. It was calculated using the depth of mem-
brane ion etching crater measured on an Alpha-Step
D-120 contact profilometer manufactured by
KLA-Tencor (United States) and the time of its for-
mation.

To determine the thickness of the titanium layer, a
separate profile Auger analysis of the titanium layer
was performed. A thickness of this layer of 13 nm was
found from the depth of the ion-etching crater in the
titanium layer.

Figure 5 shows the element distribution over the
depth of nanostructured membrane m1, m2, and m3
blanks. The following conclusions on the topology of
the alternating SiO2/Si3N4 layers on the membrane
blanks can be made from an analysis of these profile
distributions:

(i) all eight preset SiO2 and Si3N4 layers are present
on the specimen of the membrane m1 blank (Fig. 5a);

(ii) the SiO2 layer between the fifth and sixth Si3N4
layers is missing and the doubled Si3N4 layer has a
doubled thickness on the specimen of the membrane
m2 blank (Fig. 5b);

(iii) one additional (nonpreset) silicon nitride layer
with a thickness of ~160 nm is present between the
first layer of thermal oxide and the periodic
Si3N4/SiO2 layers deposited from the chemical phase
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Fig. 6. (Color online) Superposed image obtained using (red) oxygen and (green) nitrogen Auger electrons for ion-etched craters
(angle laps) in specimens of nanostructured membrane blanks: (a) specimen of the m1 membrane blank, (b) specimen of the m2
membrane blank, and (c) specimen of the m3 membrane blank.

M1M1

48.3135748.31357

49.1671149.16711

54.3981654.39816

40.4774540.47745

49.6663349.66633

54.4600754.46007

39.3803239.38032

49.2038749.20387

O

N

M2M2

F

53.2368053.23680

53.5490353.54903

63.0587163.05871

38.4405238.44052

54.1306154.13061

61.5869561.58695

40.2516440.25164

53.4374153.43741

O

N

M3M3

F

38.7539638.75396

40.0052340.00523

27.3755627.37556

37.5603537.56035

22.7641022.76410

37.0260537.02605

24.6475124.64751

29.3816729.38167

37.7718637.77186

24.7989224.79892

O

N

M1

48.31357

49.16711

54.39816

40.47745

49.66633

54.46007

39.38032

49.20387

O

N

M2

F

FF

53.23680

53.54903

63.05871

38.44052

54.13061

61.58695

40.25164

53.43741

O

N

M3

F

38.75396

40.00523

27.37556

37.56035

22.76410

37.02605

24.64751

29.38167

37.77186

24.79892

O

N

20 µm

20 µm

20 µm



424

NANOTECHNOLOGIES IN RUSSIA  Vol. 12  Nos. 7–8  2017

DYUZHEV et al.

Fig. 7. (Color online) Experimental determination of
mechanical stress in wafers with nanostructured mem-
brane blanks: (a) specimen of the m1 membrane blank,
(b) specimen of the m2 membrane blank, and (c) speci-
men of the m3 membrane blank.
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in the plasma-enhanced processes on the specimen of
the membrane m3 blank (Fig. 5c).

The periodic Si3N4/SiO2 layers deposited on the
membrane blanks from the chemical phase in the
plasma-enhanced processes with the modes given in
Tables 1–3 had the following stoichiometry: silicon
oxide corresponded to the formula SiO2.2 and silicon
nitride corresponded to formula Si0.48N0.52. Moreover,
all layers of this silicon oxide on all membrane blanks
contained nitrogen with a concentration of (1–2 at %),
which is connected with the use of nitrous oxide
(N2O) as the oxidizer and nitrogen as the carrier gas.

To more precisely determine the thickness of alter-
nating SiO2/Si3N4 layers on the specimens of nano-
structured membrane m1, m2, and m3 blanks, the
studied specimens were processed on an ion etching
and polishing Model 1060 SEM Mill installation
manufactured by Fischione Instruments (United
States) to form an ion-etching crater (angle lap) at an
angle of less than 10° to the surface. The image
obtained using oxygen and nitrogen Auger electrons in
thus prepared specimens of nanostructured mem-
brane m1, m2, and m3 blanks are shown in Fig. 6.

The craters (angle laps) were used to measure the
relative thickness of dielectric layers on the specimens
of nanostructured membrane blanks. The average rate
of the ion etching of craters was used to calculate the
thickness of pairs of silicon oxide and nitride layers on
the specimens of membrane blanks. Thus, the average
thicknesses of alternating SiO2/Si3N4 layers deposited
in plasma-enhanced processes on the specimens of
nanostructured membrane m1, m2, and m3 blanks
given in Table 4 were obtained.

It can be seen from a comparison of the data given
in Tables 3 and 4 that the times of silicon nitride layer
deposition in the plasma-enhanced processes required
for obtaining a layer thickness of 100 nm, 50 nm, and
25 nm were chosen correctly. At the same time, the
times of silicon oxide layer deposition in the plasma-
enhanced processes required for obtaining a layer
thickness of 100, 50, and 25 nm in the processes given
in Table 2 should be increased, when compared to the
data in Table 3, to 140, 66, and 44 s, respectively.

The SIMS and AES results were used to calibrate
the SmartLab multifunctional X-ray diffractometer
manufactured by Rigaku (Japan), which, when veri-
fied, can be used to monitor the similarity of qualita-
tive and quantitative parameters of nanostructured
membrane blanks on 150 mm silicon wafers without
their destruction or the deposition of auxiliary layers,
for example, a titanium layer for electric charge drain.

A SmartLab X-ray diffractometer was used to select
wafers without missing or nonpreset SiO2 and Si3N4
layers among nanostructured membrane m1, m2, and
m3 blanks. The mechanical stress was determined for
these wafers before using them in the process of man-
ufacturing platinum thermoresistive sensors.

The mechanical stress was determined according to
the method described in [11]. The method is based on
the Stoney technique [12], in which the current
mechanical stress is calculated by the measured plate
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bending from the curvature radius of a local plate sur-
face area.

The wafer regions with nanostructured membrane
blanks were in the range of (20–130 mm). Figure 7
shows the experimental dependence of mechanical
stress in the direction perpendicular and parallel to the
basic cuts of wafers with nanostructured membrane
m1, m2, and m3 blanks. The calculated average
mechanical stress in the working region of the wafers
with nanostructured membrane blanks are as follows:
for the wafer with membrane m1 blank, 328 MPa; for
the wafer with membrane m2 blank, 286 MPa; and, for
the wafer with membrane m3 blank, 234 MPa.

Therefore, with the decreasing thickness of alter-
nating Si3N4/SiO2 layers and increasing number of
layers in the membrane structure, the absolute value
of mechanical stress of wafers with membrane blanks
decreases. The mechanical strength of the membranes
increases due to growing interfaces between layers,
since multiple interfaces complicate the growth of
global mechanical defects in membranes.

CONCLUSIONS
A technology of forming blanks of nanostructured

membranes for MEMS devices based on alternating
Si3N4/SiO2 layers with a thickness of 100, 50, and
25 nm, chemically deposited from the gas phase in
low-temperature plasma-enhanced processes, was
developed.

Three designs of nanostructured membrane
blanks consisting of the layer of thermal silicon
oxide with a thickness of 300 nm and 7 alternating
Si3N4(100 nm)/SiO2(100 nm) layers, 15 alternating
Si3N4(50 nm)/SiO2(50 nm) layers, and 27 alternating
Si3N4(25 nm)/SiO2(25 nm) layers were produced.

An integrated investigation of the structure, com-
position, and parameters of the three designs of nano-
structured membrane blanks was performed using the
following microanalysis methods: spectral ellipsome-
try, scanning electron microscopy, secondary ion
mass spectrometry, Auger electron spectroscopy,
probe profilometry, and X-ray diffractometry.

The studies revealed the following defects in the
nanostructured membrane blanks:

(i) the absence of one SiO2 layer on membrane m2
blank caused by the error of the operator, who missed
one switching from the Si3N4 to the SiO2 film-deposi-
tion mode;

(ii) the presence of an additional Si3N4 layer on the
membrane m2 blank, testifying that the layer of high-
temperature silicon nitride was not etched off the
membrane blank in the course of wafer recovery and
an additional deposition of the Si3N4 layer in the low-
temperature plasma enhanced process;

(iii) a different thickness of SiO2 films deposited on
membrane blanks alternating with Si3N4 layers and
SiO2 films deposited in single processes on test silicon
wafers.

These studies contributed to the development of
technological modes of formation of nanostructured
membrane blanks based on periodically alternating
Si3N4/SiO2 layers with a layer thickness of 100, 50, and
25 nm.

It was shown that all periodically alternating
Si3N4/SiO2 layers in blanks of all nanostructured
membranes had the following stoichiometry: silicon
oxide corresponded to the formula SiO2,2, and silicon
nitride corresponded to the formula Si0.48N0.52. More-
over, nitrogen with a concentration of (1–2 at %) was
present in all silicon oxide layers.

The mechanical stress on the wafers with nano-
structured membrane blanks was measured; the mea-
surements showed that the absolute value of mechan-
ical stress in the wafers decreases with a decreasing
thickness and increasing number of periodic
Si3N4/SiO2 layers.
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