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Abstract. Mechanical properties of a nanomechanical resonator significantly impact the performance of a
resonant Nano-electromechanical system (NEMS) device. We study the mechanical properties of suspended
membranes fabricated out of low-pressure chemical vapor deposited silicon nitride thin films. We fabricated
doubly-clampedmembranes of silicon nitride with thickness less than 50 nm and length varying from 5 to 60mm.
The elastic modulus and stress in the suspended membranes were measured using Atomic Force Microscope
(AFM)-based nanomechanical spectroscopy. The elastic moduli of the suspended membranes are significantly
higher than those of corresponding on-substrate thin films. We observed a reduction in net stress after the
fabrication of suspended membrane, which is explained by estimating the thermal stress and intrinsic stress. We
also use a mathematical model to study the stress and thickness-dependent elastic modulus of the ultrathin
membranes. Lastly, we study the capillary force-gradient between the SiNx suspended membrane-Si substrate
that could collapse the suspended membrane.
1 Introduction

Silicon nitride nanomechanical resonators have potential
applications as Nano-electromechanical systems (NEMS)
sensors [1–4] due to their high-quality factor (in the order
of few millions) and high sensitivity at room temperatures
[5–8]. The fundamental natural frequency of a doubly-
clamped membrane resonator depends on its elastic
modulus and stress, as given below [9].
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where E is the elastic modulus, s is the stress in the
suspendedmembrane, r is the density of the material,m, L,
w, and t are the effective mass, length, width, and thickness
of the suspended membrane respectively. Verbridge et al.
[10] have shown that the addition of tensile stress to the
silicon nitride NEMS resonators leads to higher quality
factors, leading to better sensitivity. Furthermore, if the
elastic modulus and stress in the suspended membrane are
very low, they are likely to collapse or undergo plastic
deformation and fracture under a few nano newtons of
force. For thin films grown on a substrate, the mechanical
properties can vary significantly from that of the bulk
material, depending on the growth conditions [11–13]. The
Low-Pressure Chemical Vapor Deposition (LPCVD) grown
silicon nitride thin films studied in this work have a
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thicknessof less than100nmandareamorphous [14].Residual
stress in thin films depends on the growth conditions such as
pressure, temperature, and gas flow ratio. The stress in an
amorphous thin film has two components: intrinsic and
thermal stress [15]. Intrinsic stress results fromdefects such as
voids, porosities, impurities, and atomic diffusion. While
thermal stress results from thermal expansion coefficient
mismatch between the film and the substrate material [16].
High tensile stress in the deposited film leads to cracks in the
film and subsequent failure of the fabricated suspended
membrane. Hence, it becomes essential to measure the elastic
modulus and stress in silicon nitride thin films on a substrate
and suspended membranes fabricated out of them.

In this paper, first, we describe the fabrication of silicon
nitride suspended membranes. Then we explain AFM-
based elastic modulus and stress measurements in the SiNx
suspended membranes. The stress in the suspended
membranes is studied based on the relaxation of stress
in the corresponding on-substrate thin films. While the
variation of elastic modulus with the thickness of the
suspended membrane is analyzed using a model based on
surface-energy considerations. In the end, the capillary
force-gradient between the suspended membrane and
bottom substrate is modeled based on the experimental
force-separation curves for the collapse of suspended mem-
branes.
2 Experimental procedures

2.1 Fabrication of suspended SiNx membranes

We deposit LPCVD silicon nitride films of thickness 47, 51,
and 88 nm on a Si/SiO2 substrate. The process flow for
-p1
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Fig. 1. (a) Process flow for the fabrication of a doubly-clamped silicon nitride membrane. (b and (c) Scanning Electron Micrograph
and AFM image of a 5mm long and 500 nmwide suspendedmembrane, respectively. (d)Topography of the section shown in Figure 1c.
Scale bar is 1 um for Figures 1b and 1c.
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fabrication of doubly-clamped SiNX membranes is illus-
trated in Figure 1a and briefly described in Supplementary
Information. Figures 1b and 1c show a Scanning Electron
Microscope (SEM) and Atomic Force Microscope (AFM)
micrographs of a suspended membrane, respectively. The
suspended membrane shown in the figure is 5mm in length
and 500 nm in width. To prevent the collapse of suspended
membranes due to the charging effect, we did not perform
SEM imaging of the actual suspended membranes of larger
width used for the AFM measurements.

2.2 Elastic modulus and stress measurement on
suspended SiNx membranes

We measured the elastic modulus and stress in the
suspended membrane using the AFM-based central
indentation method [9,17,18]. Central indentation experi-
ments were performed with AFM using force-distance
(F-d) spectroscopy [19–21]. The central indentation
method is illustrated in Figure 2a. Figure 2c shows an
AFM topography of a 5mm long, 1.3mm wide suspended
membrane fabricated from a 51 nm thick silicon nitride film
on a substrate. We obtain a Force vs. Deformation curve
(Fig. 2d) after central indentation on this suspended
membrane. We fit this curve using a force-deformation
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relation given in equation (2) for a doubly clamped
membrane subjected to central loading [22] with E and s as
the fitting parameters.
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where E is the elastic modulus of the suspended membrane,
s is the stress in the suspended membrane, d is the
deformation in the suspended membrane, L, W and t are
the length, width, and thickness of the suspended
membrane. The coefficients of d and d3 terms in equation (2)
include elastic modulus and stress. We performed the elastic
modulus and stress measurements on three different mem-
branes of 5mm length for each thickness of the suspended
membranes.

2.3 Elastic modulus and stress measurement
on on-substrate SiNx thin films

We also measured the elastic modulus of the silicon nitride
thin films on Si/SiO2 substrate using the nanoindentation
technique [23]. We performed the nanoindentation meas-
urements at four different locations on each of the
-p2



Fig. 2. (a) Schematic of the AFM-based central indentation method. (b) Equivalent spring-mass model of the system � Kc, Ki, and
Km are the stiffness of the AFM cantilever, tip-sample interaction, and membrane, respectively. Ki is a variable stiffness. F is the
applied force, Mc and Mm are the effective mass of the cantilever and the membrane, respectively. (c) AFM topography micrograph of
5mm long and 1.3mm wide membrane fabricated from a 51 nm thick silicon nitride film. Scale bar is 2mm. (d) Fitted Force vs.
Deformation curve obtained on the same membrane after central indentation experiment.

S.S. Jugade et al.: Eur. Phys. J. Appl. Phys. 94, 20301 (2021) 3
on-substrate thin films. Stress in these on-substrate films
wasmeasured using the beam deflection technique [16] that
considers the change in curvature of Si/SiO2 substrate due
to deposition of SiNx film. Subsequently, we use Stoney’s
equation [24] to determine the net stress in the SiNx film.
Due to a high deposition temperature of 750 °C, thermal
stress is developed in the film when it cools down to room
temperature. So, the net stress in the film is the summation
of thermal and intrinsic stress. We calculate the thermal
stress [16] in the film as given below.

sth ¼ Ef as � af

� �
DT

1� #f

� � ð3Þ

where sth is the thermal stress in the film; Ef, af and #f are
the elastic modulus, coefficient of thermal expansion, and
Poisson’s ratio of the SiNx film; as is the coefficient of
thermal expansion of the Si/SiO2 substrate. DT is the
difference between the deposition temperature and room
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temperature. For calculations, we use the measured value
of Ef using nanoindentation method, and average values of
af=3.2� 10�6/ �C (for SiNx) and as=0.65� 10�6/°C (for
SiO2) [25,26]. It is clear from equation (3) that the thermal
stress will be more significant in a film with higher elastic
modulus than in a film with lower elastic modulus. We
calculate the intrinsic stress in a film by subtracting the
thermal stress from the net stress.
3 Results and discussion

3.1 Stress in suspended SiNx membranes

The elastic modulus of films of thickness 47 and 51 nm was
very low, i.e., about 10% of the bulk modulus value of
270GPa [27], while that of 88 nm thick film was about 70%
of the bulk value. However, the net stress was almost equal
to 1.5GPa in all three films (Tab. 1). The LPCVD process-
parameters were the same for all three films except for the
-p3



Table 1. Elastic modulus and stress in the on-substrate SiNx thin films.

Thickness of
deposited SiNx
film

Elastic modulus of
on-substrate films
(Nanoindentation
method)

Net stress in
on-substrate films
(Beam deflection
method)

Thermal stress in
on-substrate films
(Calculated using
Eq. (3))

Intrinsic stress in
on-substrate films
(net stress � thermal
stress)

tf (nm) Ef (GPa) sf (GPa) sth (GPa) si (GPa)

47 20.54± 1.985 1.432± 0.114 0.054 1.378
51 28.52± 0.528 1.530± 0.190 0.075 1.455
88 184.5± 13.27 1.627± 0.259 0.487 1.140

Table 2. Elastic modulus and stress of the 5mm long SiNx suspended membranes measured using AFM.

Thickness of deposited
on-substrate SiNx
film

Thickness of SiNx
suspended
membrane

Elastic modulus
of suspended
membrane

Stress in
suspended
membrane

Spring constant
of suspended
membrane

tf (nm) tm (nm) Em (GPa) sm (MPa) km (N/m)

47 8 104.1± 1.2 241.7± 1.5 0.233
51 30 222.6± 9.1 861.8± 2.7 1.845
88 45 204.1± 16.9 552.7± 4.5 3.260
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gas flow ratio (NH3: H2Cl2Si). For the 51 nm thick film, the
gas flow ratio was 10:100, while for the other two films, the
ratio was 10:70. Increasing the gas flow ratio from 1:2 to
1:20 for nitrogen-rich LPCVD SiNx films has a negligible
effect on the residual stress [28,29]. This explains why the
net stress in all three films was almost equal. The
contribution of thermal stress to the net stress was
negligible for the 47 and 51 nm thick films due to their
low elastic moduli. For the 88 nm thick film, thermal stress
was about 30% of the total stress due to its higher elastic
modulus. The thickness of suspended membranes (Tab. 2)
was significantly lower than the corresponding on-sub-
strate film’s thickness (Tab. 1) as SiNx also gets etched
during the wet etching of sacrificial SiO2 with BOE. We
express this reduction in thickness after the fabrication
of the suspended membrane by a ratio Dt given by
equation (4). The values of Dt are 0.83, 0.42, and 0.49 for
the on-substrate films of thickness 47, 51, and 88 nm,
respectively. A high value of Dt indicates that a significant
fraction of the highly-stressed region at the bottom of on-
substrate SiNx film is etched during the fabrication of
suspended membrane.

Dt ¼ tf � tm
tf

: ð4Þ

Tables 1 and 2 show that stress values in the suspended
membranes were significantly lower than those in the
corresponding on-substrate films. This reduction in stress
after the fabrication of suspended membrane was due to
thermal and intrinsic stress relaxation. The thermal stress
relaxes because the suspended membrane was no longer
attached to the substrate except its clamped ends. The
relaxation of thermal stress was negligible in suspended
membranes of thickness 8 nm and 30 nm, while a 487MPa
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of thermal stress was relaxed in the 45 nm thick suspended
membrane. The relaxation of intrinsic stress depends on
the value ofDt for the particular suspendedmembrane. The
value of Dt for the suspended membrane of thickness 8 nm
was 0.81, the highest amongst all three suspended
membranes. It implies that the fabrication of the
suspended membrane etches most of the highly stressed
regions near the substrate of the 47 nm thick SiNx film.
Hence, there was a drastic reduction in stress from
1.432GPa (for 47 nm thick on- substrate film) to
242MPa (for 8 nm thick suspended membrane). Simple
calculations reveal that intrinsic stress relaxation in the
suspended membranes of thickness 30 nm (51 nm thick
on-substrate film) and 45 nm (88 nm thick on-substrate
film) was 593 and 587MPa, respectively. The relatively
close values of 0.42 and 0.49 of Dt for these two suspended
membranes also indicate nearly equal intrinsic stress
relaxation in them.

3.2 Elastic modulus of suspended SiNx membranes

Tables 1 and 2 also show that the elastic moduli of the
suspended membranes were significantly higher than those
of the corresponding on-substrate films. The 30 nm thick
suspended membrane had the highest elastic modulus of
222GPa. We expect that the calculated elastic moduli of
the suspended membranes are slightly greater than the
actual value. It is mainly due to two reasons: surface effects
and offset of the tip from the center of the suspended
membrane during indentation. Surface effects include the
repulsive interaction forces between the tip and surface of
the specimen that leads to a higher value of elastic modulus
than the one obtained from nanoindentation techniques
[30]. Thermal drift in the piezo and inclined motion of the
tip creates an offset of few tens of nanometers from the
-p4



Fig. 3. Normalized elastic modulus vs. Normalized thickness of
the suspended membrane.

Table 3. Limit thickness (t0) and strain (e0) values for the suspended membranes.

Thickness of the
suspended membrane
tm (nm)

Strain in the
suspended
membrane
e0ð� 10�3Þ

Limit thickness
t0 (nm)

Normalized thickness
of the suspended
membrane
Nt ¼ tm

t0

Normalized elastic modulus
of the suspended
membrane
NE ¼ Em

Ebulk

8 2.7 347.47 0.023 0.328
30 4.6 124.97 0.240 0.700
45 3.2 255.43 0.176 0.642
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center of the suspended membrane. The tip’s motion is not
in a direction perpendicular to the suspended membrane’s
surface due to the tip-sample repulsive forces. All these
effects lead to a higher value of calculated elastic modulus.
We further investigate the elastic modulus of suspended
membranes using an approach similar to the one followed
by Fedorchenko et al. [31]. A suspended membrane has
both the top and bottom surfaces free, and therefore for
surface energy calculations, we consider it as a thin film
with both surfaces free. Equation (5) gives the limit
thickness t0 below which such a film cannot be considered
as a bulk material [31].

t0 ¼
1� #f

� �
Ebulke02

ð5Þ

where #f is the Poisson’s ratio of the film=0.3 (assumed),
Ebulk is the bulk elastic modulus of SiNx and e0 is the strain
in the film.

Table 3 lists the calculated values of t0 and e0 for the
suspended membranes. The strain in all the suspended
membranes was not equal. Hence, we define a normalized
thickness of a suspended membrane (Nt) as the ratio of the
thickness of suspended membrane and the limit thickness.
Similarly, the normalized elastic modulus of a suspended
membrane (NE) is also defined. The 30 nm thick suspended
membrane has the highest normalized thickness; hence it
has the highest elastic modulus among all the three
20301
suspended membranes. The variation in NE vs. Nt can be
expressed using equation (6).

NE ¼ ðNtÞp: ð6Þ
Curve fitting in (Fig. 3) yields a value of 0.27±0.06

for p. For any value of strain and thickness of the suspended
membrane, equation (6) can be used to determine the
elastic modulus of the suspended membrane.

3.3 Collapse of suspended membranes

The suspended membranes of thickness 30 nm collapsed to
the bottom substrate under large applied central loads. The
collapse of the suspended membranes is most likely due to
pull-in through capillary adhesion force. Due to a tiny gap,
a liquid bridge (capillary) is formed between the surface of a
suspended membrane and the bottom substrate when they
are very close to each other [32,33]. The pull-in of the
suspended membranes is illustrated in the force-separation
curves in Figures 4a–4c. Table S2 of Supplementary
Information lists the several experimental parameters of
the pull-in measurements. A sudden drop in force in the
force-separation curve corresponds to the point of collapse
of the suspended membrane. Such an abrupt drop in force
was due to the cantilever spring relaxation as the adhesive
force gradients pull the membrane to the substrate. During
the pull-in of the suspended membrane, the Z position of
piezo did not change as the pull-in process took less than
1ms time. The pull-in process time (tc) is three orders of
magnitude greater than the inverse of the fundamental
resonance frequency of the suspended membranes (1/f0).
Hence, the dynamics of pull-in of the suspended mem-
branes is governed by viscous damping.

The net relaxation of the AFM cantilever in the region
R (Figs. 4d–4f) is equal to the gap between the suspended
membrane and substrate at the start of the pull-in process.
For the suspended membranes of length 20 and 40mm, the
AFM cantilever did not relax entirely after the pull-in
process was over (stage (iv) in Fig. 5a).While for the 60mm
long suspended membrane, the cantilever relaxed
completely before the pull-in process was completed and
then lost contact with the suspended membrane, thereby
leading to a tiny gap between the tip and collapsed
membrane. As a result, capillary condensation occurred in
this tiny gap (stage (iv) in Fig. 5b), leading to snap-in of the
AFM cantilever on the collapsed membrane (stage (v) in
Fig. 5b). For all three suspended membranes, the piezo
moves down in the Z direction and the tip presses down on
the hard SiNx on Si substrate after the pull-in process is
-p5



Fig. 4. Force vs. tip-sample separation curves indicating the collapse of 30 nm thick suspended membrane. (a) For 20mm long
suspended membrane. (b) For 40mm long suspended membrane. (c) For 60mm long suspended membrane. (d–f) Zoomed region of
the Force vs. tip-sample separation extend curve corresponding to the pull-in of suspended membranes of length 20, 40, and 60mm,
respectively. The slope of the curve in region R is equal to the spring constant of the cantilever.

Fig. 5. (a) Pull-in process illustrated for suspended membranes of length 20 and 40mm based on the force-separation curve for 40mm
long suspended membrane. (b) Pull-in process illustrated for 60 long suspended membrane based on its force-separation curve.
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over. Only the AFM cantilever deflects during this process,
so we observe an infinite slope in the force-separation
curves. The cantilever continues to deflect until the
specified force setpoint (stage (v) and (vi) in Figs. 5a
and 5b, respectively). After this point, the piezo retracts,
and the cantilever pulls off from the SiNx surface by
overcoming the adhesion force.
20301
A suspended membrane collapses when the sum of
capillary force gradient and stiffness of the suspended
membrane becomes zero, as given in equation (8). We
calculate the stiffness of suspended membrane as negative
of the slope of Force vs. tip-sample separation curve in the
region just before the collapse of the suspended membrane.
We fit the obtained Capillary force gradient vs. gap data
-p6



Fig. 6. (a)Capillary force gradient vs. Gap between the suspendedmembrane and the bottom substrate. (b) Schematic of a model for
the capillary force between a sphere and a flat plate.
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using a power relation (Eq. (9)), as shown in Figure 6a.

∂F
∂h

þKm ¼ 0 ð8Þ

∂F
∂h

¼ �138:6h�2:03± 0:001 ð9Þ

where, ∂F∂h is the capillary adhesion force-gradient,Km is the
stiffness of the suspended membrane, and h is the gap
between the SiNx suspended membrane and the bottom Si
substrate.

Integration of equation (9) shows that the capillary
force varies as 1

h1:03 with the distance between the suspended
membrane and bottom substrate. Consider a section
parallel to a suspended membrane’s width and passing
through its center. For this cross-section, the suspended
membrane’s central portion has a finite radius of curvature
because the suspended membrane’s width (∼1mm) is
comparable to its deflection (∼ 300 nm). Therefore, an
expression for the capillary force between the suspended
membrane and bottom substrate can be determined
analytically using a sphere and flat plate model shown in
Figure 6b [34]. Comparing the analytical expression (for
small b) and experimental fit gives R sin b=12.293, where
R is in nm. Thus, a known value of either the radius of
curvature of suspended membrane (R) or the filling angle
(b) would be sufficient to determine the variation of
capillary force with the gap between the suspended
membrane and bottom substrate.
4 Conclusions

In summary, we fabricated silicon nitride suspended
membranes of thickness 8, 30, and 45 nm from LPCVD
high-stress SiNx films of thickness 47, 51, and 88 nm,
respectively. Using the AFM-based indentation method,
we studied the variation in elastic modulus and the stress
for three different thicknesses of 5mm length suspended
membrane. Thermal stress in the on-substrate films gets
20301
relaxed after the fabrication of the suspended membrane,
while intrinsic stress relaxation depends on the fractional
reduction in thickness (Dt) after the fabrication of the
suspended membrane. Higher the value of Dt, the higher
the relaxation of intrinsic stress after fabrication of the
suspended membrane. We use a model that considers the
effect of the strain and ultralow thickness on the elastic
modulus of the suspended membrane. Understanding this
variation of elastic modulus and stress in the suspended
membranes is essential for developing more efficient NEMS
resonators. Finally, the collapse of 30 nm thick suspended
membranes under large deformation is explained based on
the capillary condensation and force-separation curves.
Furthermore, we found that the capillary force-gradient
varies inversely as the square of the gap between the
suspended membrane and bottom substrate. This result
can be constructive in the design and fabrication of
suspended membrane-based NEMS devices to prevent
failure due to condensation-induced capillary adhesive
forces.
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Appendix A
A.1 Fabrication of SiNx suspended
membranes

The steps involved in the fabrication process were: (i) RCA
cleaning of the Si/SiO2 substrate. (ii) Deposition of
LPCVD grown high-stress silicon nitride thin film on the
substrate. Table S1 of Supplementary Information lists the
process parameters. (iii) Spin-coating of PMMA A4
photoresist, followed by patterning suspended membrane
features for different dimensions using Electron beam
lithography and then developing photoresist using MIBK:
IPA (1:3) developer. (iv) Reactive-ion-etching of silicon
nitride from the windows opened in the lithography step
using SF6 gas. (v) Removal of PMMA using oxygen
plasma. (vi) Wet etching of sacrificial silicon dioxide using
13:2 buffered oxide etch (BOE/BHF), followed by
Critical Point Drying (CPD) to release the suspended
membranes.
A.2 AFM characterization of SiNx suspended
membranes

The topography of the suspended membranes was acquired
in AFM by scanning with a constant force of 10–40 nN in
Peak Force Quantitative Nanomechanical Mapping
(PFQNM) [35] mode in Bruker Dimension Icon AFM.
We determine the suspendedmembrane’s length andwidth
from the topography micrograph, while its thickness from
the acquired force-distance curves. We apply a large force
of about 10mN to the suspended membrane during the
AFM scan. This force was sufficient to break the suspended
membrane. We then measure the step height in the region
where the fractured suspended membrane is in contact
with the bottom Si substrate. The thickness of a suspended
membrane was uniform in a large area of fractured portions
of the suspended membrane in contact with the bottom
substrate.

A.3 Measurement of thickness of SiNx
thin films

The thickness of SiNx films and SiO2 layer was measured
using a Variable Angle Spectroscopic Ellipsometer (VASE)
[36]. J.A. Woollam Co. M2000U. We perform the measure-
ments at an incident angle of 65°, 70°, and 75°. The
thickness of the SiO2 layer is 300 nm.
A.4 Measurement of elastic modulus
and stress in on-substrate SiNx thin films

The elastic moduli of the silicon nitride thin films were
measured using the nanoindentation technique. Hysitron
TI 950 Triboindenter with a Hysitron spherical diamond
tip (radius 1mm) is used to indent the sample in load
control mode. We acquire loading and unloading Force vs.
20301
Displacement curves in a load control of 100, 180, and
500mN for the films of thickness 47, 51, and 88 nm,
respectively. We obtain the elastic modulus by fitting the
unloading curve using the Oliver-Pharr model [37,38]. We
use the beam deflection technique in a laser-based kSA
Multi-beam Optical Sensor (MOS) system to measure the
change in substrate curvature and then relate it to stress in
the on-substrate film using Stoney’s equation.
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