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Abstract: Thin film technology is a relatively young and ever-growing field in the physical and chemical sciences, which
is confluence of materials science, surface science, applied physics and applied chemistry. Thin film technology has its
objectives in the provision for scientific bases for the methods and materials used in thin film electronics (integrated circuits
and micro-electro-mechanical system). Additionally, it provides a sufficient data in the area of applications to permit for
understanding of those aspects of the subject that might still be termed an “art”. Thin films of metals were probably first
prepared in asystematic manner by Michael Faraday, using electrochemical methods. Thin films go through several distinct
stages during growth, each affecting the resulting film microstructure and internal stress. Hence before proceeding to
synthesis and characterization, the knowledge of formation, growth and stress generation in thin film is necessary. This
paper explains the influence of process parameters on stress in silicon nitride (SizN,) thin films with experimental results.
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1. Introduction

Residual stress (RS) in thin films and its optimisation play
an important role for application in micro-electro-me-
chanical system (MEMS) devices. It is therefore not sur-
prising that considerable attention around the world has
been focused on these particularly as increased finite
modelling (FE) power and advanced experimental facilities
became available. Influences of residual stresses are well
known to MEMS engineers and are used in standard
techniques for enhancing the fatigue performance of a wide
variety of sensors and actuators components (cantilever,
beam, diaphragm, RF switch and resonator etc). The
magnitude and distribution of residual stresses in a com-
ponent or structure is a significant source of uncertainty in
MEMS design and one that can affect subsequent micro-
machining as well as life prediction and assessment of
structural integrity. These components or structures use
various types of thin films and residual stress in these films
are governed by processing parameters. Therefore, before
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proceeding to manufacture any MEMS device database of
process parameters with characterized results of RS in
particular thin film should be prepared.

Using plasma-enhanced chemical vapour deposition
(PECVD) and low-pressure chemical vapour deposition
(LPCVD) methods [1, 2], silicon nitride films of thick-
ness ~ 50 A to ~ 20 pm were deposited and used for
MEMS structures [3—9]. Mostly MEMS structures are free
standing, and the presence of RS may bend
upward/downward (Fig. 1) [10-12] and even may break
them. Therefore, characterization and the reduction in
residual stress in nitride thin films are important for
improving the reliability of MEMS devices. This film is
also used in other various applications such as passivation,
diffusion barriers, interlayer dielectric, memory fabrica-
tion, gate insulators and capacitor dielectric in MEMS and
integrated circuits (IC). This film exhibits stress after
deposition, and MEMS structures are sensitive to it. If the
stress is too compressive, thin film may blister or buckle,
whereas if the stress is too tensile, the film may fracture. It
degrades the sensitivity, durability, reliability and overall
performance of MEMS sensors/actuators. These conse-
quences of RS drive process engineer to control this during
deposition of film.
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Out of plane bending upon

release due to residual Stress
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Fig. 1 a Out of plane cantilever and b bending of cantilevers due to RS [10, 11]

Thus, purpose of this paper is twofold, firstly to study
the role of process parameters on residual stresses and
secondly, the application of obtained results in MEMS
device fabrication. The characterization results are used to
optimum value in order to get minimum RS for successful
realization of MEMS devices.

1.1. Formation of thin films

The substrate is exposed to the incident vapours in CVD
reactor, known as adatoms which arrives on a perfectly flat
surface in the very initial stages of film growth. These
adatoms will diffuse randomly until they either encounter
another adatoms to form a dimer or desorb from the sur-
face. The dimer will dissolve back into two adatoms or
absorb another adatoms to either grow further or shrink
back due to detachment of atoms. A uniform distribution of
small but highly mobile clusters or islands is observed. The
next stage involves merging of islands by coalescence
phenomenon at high substrate temperatures. Coalescence
decreases the island density, resulting in local denuding
(uncovering) of the substrate where further nucleation can
then occur. Crystallographic facets and orientations are
frequently preserved on islands and at interfaces between
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growth of islands

Fig. 2 Thin film formation steps

after 20 sec

coalescense of islands

initially disoriented, coalesced particles. Coalescence
continues until a connected network with unfilled channels
in between develops. With further deposition, the channels
fill in and shrink, leaving isolated voids behind. Finally,
even the voids fill in completely, and the film is said to be
continuous. This collective set of events occurs (Fig. 2)
during the early stages of deposition, typically accounting
for the first few hundred angstroms of film thickness.

Thus, growing thin films go through several distinct
stages, each affecting the resulting film microstructure and
hence its mechanical properties changes.

1.2. Intrinsic stress in thin films

“Intrinsic stress” refers to stress that are not the result of
directly applied loads or thermal expansion between the
film and its substrate. It is caused by numerous mechanisms
such as excess vacancies, crystal dislocations, grain
boundary interactions and phase transformations. Forma-
tion of voids and incorporation of foreign atoms also
contribute to the intrinsic stress [13—19]. Bombardment by
ions/atoms during deposition also has a striking effect on
many film properties, including stress because the bom-
bardment pinches off loosely bound atoms, resulting in a

after 30minutes

ontinuous film
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Fig. 3 Pictograph of influence
of thin film stress substrate.

a Thin film has zero residual
stress. b Compressive stress
bend downward after relaxation:
rearrangement of constituent
atoms in the lowest energy
(acompressive < a0)~ ¢ Tensile
stress after relaxation of
adatoms, bend upward

(Ggensite = do). d Insertion of
adatoms in grains (islands)
boundaries causes compressive
stress. e Tensile stress due to
coalescence of islands

thin film compressive stress

(b)

mserton of atoms

(d)

more uniform, less stressed film. Too high bombardment,
on the other hand, implants atoms into the film in a non-
equilibrium way, and compressive stresses (film tend to
expand and bend the substrate convexly outward) build up
(Fig. 3). Change in volume due to crystallization or phase
transitions, and any other processes such as outgassing,
lead to stress changes. During deposition or after deposi-
tion, polycrystalline films are not in their minimum energy.
Low deposition temperature could not impart enough
energy to find energetically favourable positions, and the
film builds up without relaxation and will be under tensile
stress (film tends to contract and bend the substrate con-
cavely upward, Fig. 3).

1.3. Thermal stress

Thin film is deposited normally at high temperature on top
of a substrate and cooled down to room temperature. At
room temperature, film—film or film—substrate composite
expands or contracts according to their thermal coefficient
of expansion (TCE) and film is subsequently strained
elastically to match the substrate, causing the substrate to
bend (Fig.3). The TCE of silicon is 2.6 x 10~%°C
(around room temperature). Polysilicon TCE is
2.8 x 107%°C and puts tensile stress on silicon substrate.
We can expect compressive extrinsic stresses of silicon
dioxide, silicon nitride on silicon wafer which have TCEs
0.5 x 10_6/°C, 2.4 x 10_6/°C, respectively, but it was
found that stress can be tensile or compressive depending
on deposition method and parameters used.
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1.4. Total residual stress

Thermal stress along with the intrinsic film stress devel-
oped during film growth gives rise to a total RS. Theory for
calculation of total stress using free body diagram was
proposed by Nix’s and others [14, 16], and total RS was
calculated from composite curvature of the film and sub-
strate: (here ¢ = t, thickness of substrate, #; is film thick-
ness, k is radius of curvature and equal to 1/R, ¥ is
Poisson’s ratio of the substrate, E; is Young’s modulus) by:

" ((1 i‘/‘ )) é:fk <(1f519 )) 6;2R (1)

Equation (1) is used to calculate RS of single film. Here
thickness of film should be very very less than substrate
thickness.

2. Experimental details
2.1. LPCVD process

This deposition process is used to deposit solid film of
material on heated substrate through decomposition or
chemical reaction of gaseous compounds (precursors). The
gaseous precursors were passed over the substrate at low
pressure in closed horizontal tube (or furnace). Tempress
furnace was used to deposit polysilicon and silicon nitride
thin films. It consists of four independent horizontal tubes
for deposition.
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Silicon nitride films were deposited at two temperatures
800, 850 °C with varying mixture of dichlorosilane
(SiH,Cl,) and ammonia (NHs). The mixture of SiH,Cl,
and NH; was pumped into the furnace, reaction took place
on the surface of substrate, and solid film of silicon nitride
was formed.

3SiCl,H; + 4NH;3 — Si3N4 + 6HCI1 + 6H,

2.2. PECVD process

Novellus reactor was used for deposition which operates in
dual radio frequency (RF) mode: low-frequency mode
(LF = 380 kHz) and high-frequency mode (HF = 13.56
MHz). RF source is utilized to dissociate gases into high
energy charged positive and negative ions at low temper-
ature, but mixture is electrically neutral. This mixture of
ions known as plasma reacts on substrate surface and forms
solid film at low temperature. A low deposition tempera-
ture not only prevents damage to substrate material and
already deposited thin films but also avoids other unde-
sirable effects that can alter the device performance.

Process parameters used to deposit SizNy film: (1) total
HF-LF power 1000 W (adding LF power 10-90%), (2)-
pressure 1-4 Torr, (3) temperature 200-500 °C and (4)
NH;/SiH, ratio 1-10. Deposition of Si;N, takes place as
per the following reaction:

200—-400°C

SiH4(gas) + NH;(orN) SizNy(solid) + H,(gas)

Advantage of this process is fast deposition at very low
substrate temperatures, good conformality, step coverage’s

low pinhole counts and excellent adhesion to metal for
oxide, nitride layers.

2.3. Measurement of RS

The curvature of each bare Si wafer used was first mea-
sured using non-destructive optical technique called
k-Space MOS (Multi-beam Optical Sensor) and saved as
reference data. After deposition of silicon nitride thin films,
the curvature was again measured. The change in curvature
was converted into stress by inbuilt software (based on
Eq. 1). Refractive indices (RI) were also measured using
Opti-Probe tool. RI describes how light propagates through
that medium (n = c¢/v, where c is the speed of light in
vacuum and v is the phase velocity of light in the medium).
RI indicates the composition of the deposited film.

3. Results and discussions
3.1. LPCVD SisNy4

Figure 4 shows the relation between SiH,Cl,/NHj ratio and
RS, RI at deposition temperature (DT) 800 °C. With the
increase in ratio, RS decreases up to ratio 6 and later on
became steady. An increase in ratio can be associated with
increase in availability of reactant gases for formation of
stoichiometric Si3Ny film. Increase in RI confirms this.
Initially, high RS and low RI indicate that film has high Si—
H contents and so high density. After reaching to optimum
value, RS and RI became constant. After ratio 3, no more
reactive species are available (decrease in NHj) for

Fig. 4 Variation in RS and RI o T T T T T T
as function of SiH,Cl,/NHj; 500 _DT 300 C . Loo
ratio at DT 800 °C — —" :
—x RS
—a— Rl
400 - 2.1
300 -+ 2.0
Q
s x
v 200+ L19
e X
100 4 1.8
ol = X L1z
T T T T T T T T T T T
1 2 3 4 5 6 1

SiH2CI2/NH3 ratio
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Fig. 6 2D stress map for LPCVD nitride film

diffusion in growing films which can alter the RS except
increase in Si-contents and RS reduces. Increase in RI >
2.1 confirms this.

Figure 5 shows the relation between SiH,Cl,/NHj ratio
and RS, RI at DT 850 °C. With the increase in ratio, tensile
RS decreases up to ratio 3 and thereafter became com-
pressive but remains almost steady. Reasons discussed
above are responsible for decrease in RS and increase in
RI. But here temperature is higher and incorporation of
more Si-N contents takes place which changes the RS from
tensile to compressive. High RI (> 2.2) confirms this.

Figure 6 shows the 2D stress map of silicon nitride film
deposited at 850 °C, SiH,Cl,/NH; ratio 3. It can be seen
that RS is not uniform all over the substrate (silicon wafer)
and averages are taken for the thin films deposited by two
methods.

radicals. These radicals react on the surface of substrate
and hydrogen contents are released. A low-frequency
power results in ions with high energy, while a high-fre-
quency power could lead to a reduction in the ion’s flux
and energy. Here total power was constant, so increase in
LF power yields higher energy electrons. The increased
energy of electrons increases the dissociation of the pre-
cursor gases and as a result the deposition rate increases.
Moreover, the dissociation energy of N, is about 9.8 eV,
whereas the bond strength H-NH, is only about 4.6 eV,
and the critical power to activate NHj; is only about 1/5 of
that needed to activate N,. Therefore, in the high-power
range, much more N, has been activated and dissociated,
which means more N atoms are available to react with Si-
radical and film approaches to stoichiometricity. Therefore,
N-Si bonding release H-contents and tensile RS approa-
ches to zero after LF power 25%. Further rise in LF power
increases the compressive stress due to incorporation of
more N (in other words Si/N ratio is less or density is less)
contents. Decrease in RI confirms this.
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Figure 8 shows the variation of RS, RI as function of
deposition pressure for SizN, films. At low pressure,
reactive species of plasma have enough energy which leads
the insertion of species deep into growing films; therefore,
at low-pressure RS was highly compressive. Low RI
indicates the presence of high N contents, and high RS
indicates more Si—N bonds in the film. Pressure helps in
plasma stabilization. At high pressure, the mean free path
of molecules of reactant gases, charged and energetic
species is reduced and thus increases the collisions rate.
This results into association and dissociation of the mole-
cules thereby increasing the reaction rate, deposition rate

Pressure (Torr)

increases and incorporates more Si-contents (Si/N ratio
decreases) and RS changes compressive to tensile. Thus,
rise in pressure increases in Si-contents and film approa-
ches to stoichiometric (Si/N ~ 0.75 or RI ~ 2.1).

Figure 9 shows the variation of RS, RI as function of DT
for SizNy films. It is proposed that high DT results an
increase in dissociation of Si and N radicals and increases
the diffusivity into growing film which results in the for-
mation of nearly stoichiometric nitride film between DT
350 and 400 °C. RI between 2.0 and 2.05 confirms this.
Increase in tensile stress with rise in DT indicates increase
in density.
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Figure 10 shows the variation of RS, RI as a function of
NH3/SiH, ratio for SizNy films. With the increase in NHs/
SiH, ratio, Si-contents increases but Si—-H bonds also
increase, which results decrease in RI and compressive RS.
After ratio 6, RI approaches to 2.1, which is an indication
of the stoichiometry of film and RS variation was the least.

Silicon nitride deposited by LPCVD and PECVD
methods is amorphous in structure, Scanning electron
microscope image of PECVD nitride is shown in Fig. 11.

NH3/SiH4 ratio

3.3. Applications of results

MEMS structures are mostly hanging and bear load.
Therefore, films should have minimum RS but at the same
time it must have high mechanical strength. Mechanical
strength is directly related to density of nitride film. Huang
et al. [20] demonstrated that modulus, hardness, film den-
sity and Si/N ratio increase with the increase in substrate
temperature, plasma power and chamber pressure. RI >
2.1 is the indication of higher film density and in other
words more silicon contents. Therefore, film with less RS
and RI ~ 2.1 is always preferred. In the above
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Fig. 11 a Top view of PECVD
nitride on silicon wafer.

b Cross-sectional view of
PECVD nitride on silicon wafer

100 nm EHT = 15.00 kV

WD=20mm

Job# J1542, VFD, Thin Film, Slot#02, Nitride=4000°A
Loc: Center

Time :12:39:00
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100 nm

WD= 09 mm

(a)

Slot#02, Nitri

Mag= 30000 K X
Serial No. = Auriga-45.08

Signal A= InLens Date :21 Jul 2017
FIB Lock Mags = No

experimental results, if high temperature does not impose
restrictions then LPCVD nitride films prepared at 850 °C
with SiH,Cl,/NHj3 ratio 3.25 are most suitable for MEMS
devices. For low-temperature applications, PECVD nitride
films were prepared at processing parameters: temperature
400 °C, pressure 2.2 Torr, NH;/SiH, ratio 8 and mixing/
adding 50-60% LF power in HF power. Prepared films

(b)

with these parameters have low RS and RI ~ 2.1. These
deposition parameters are preferable for cantilevers, dia-
phragms or other load-bearing structures. Figure 12 shows
the output of two pressure sensors in which PS1 has neg-
ligible RS and PS2 has compressive stress — 90 MPa. Full-
scale output and linearity drops due to RS.
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Fig. 12 Influence of residual stress on sensor output voltages

Other important application of nitrides is in passivation
field: protection of entire chip (IC or MEMS), interlayer
insulating layer, multi-layered wiring from water mole-
cules, movable ions such as Na, pinholes and cracks, cor-
rosion of Al or metal connections. Films with minimum
stress but low silicon contents (higher N contents) are
required [20-25]. Therefore, if high temperature does not
put restrictions then LPCVD nitride can be used. Experi-
mental results suggest process temperature 800 °C, and
SiH,Cl,/NH; ratio 3 will accomplish this. Where high
temperature may degrade the quality of existing film on
substrate, in such a situation PECVD nitride films are used.
Processing parameters pressure 3 Torr, temperature
400 °C, NH3/SiH, ratio 4 and mixing 30% LF power will
give nitride film of required properties. These parameters
were used to deposit the nitride film on bare silicon wafer.

RI is related to Si/N ratio and RS in both types of pro-
cesses. LPCVD process have three major drawbacks: It is a
high-temperature process, film deposited on both sides of
substrate and low deposition rate. Hence, for mass pro-
duction/batch processing PECVD nitride films are always
preferable.

4. Conclusion

A series of experiments were conducted on LPCVD and
PECVD silicon nitride films with varying process param-
eters and elucidated the control mechanism of intrinsic
stress. This mechanism can be used for any types of CVD
films to develop engineering solutions to prevent failure in
MEMS fabrication. As thin film materials have wide
applications in MEMS/NEMS, it is expected that the

experimental results and theoretical interpretation pre-
sented in this paper will contribute to a better under-
standing and characterization of not only LPCVD/PECVD
films, but also to wide range of other thin films for MEMS
devices.

References

[11 S M Sze VLSI Technology, 2nd edn. (New Delhi: McGraw Hill
International Book Company) (1983)

[2] S Wolf and R N Tauber Silicon Processing, 2nd edn. (Califor-
nia: Lattice Press) (1996)

[3] J G Korvink and O Paul MEMS-A Practical Guide to Design,
Analysis, and Applications (Berlin: Springer) (2006)

[4] T C Marshall, D L Herman, P T Vernier, D L DeVoe and M
Gaitan IEEE Electron Device Lett. 28 11(2007)

[5] E Forsén, S G Nilsson, P Carlberg, G A Badal, F P’erez-Murano,
J Esteve, ] Montserrat, E Figueras, F Campabadal, J Verd, L
Montelius, N Barniol and A Boisen Inst. Phys. Publ. Nan-
otechnol. 15 628 (2004)

[6] NV Lavrik, M J Sepaniak and P G Datskos Rev. Sci. Instrum. 75
7 (2004)

[7] C-L Dai and Y-M Chang Mater. Lett. 61 3089 (2007)

[8] J Yota, Symposium on Silicon Nitride, Silicon Dioxide, and
Emerging Dielectrics of the 2011(ECS) Montreal Canada (2011)

[9] E P van de Ven, I W Connick and A S Harrus Proc. Of the VLSI
Multilevel Interconnection Conference (VMIC), Santa Clara CA
p 94 (1990)

[10] T J Kang, T Kim, S-H Park, J S Lee, J H Lee, J-H Hahn, H-Y
Lee and Y H Kim Sens. Actuators A Phys. 216 116 (2014)

[11] J G Jeon, J H Kim and T J Kang Mater. Lett. 222 (2018).
https://doi.org/10.1016/j.matlet.2018.03.171

[12] Kwok Siong TEH Front. Mech. Eng. 12 490 (2017)

[13] C Friesen, S C Seel and C V Thompson J. Appl. Phys. 3 95
(2004)

[14] W D Nix The Mechanical Properties of Thin Films, Department
of Materials Science and Engineering, Stanford University
(2005)

[15] F Spaepen Acta Mater. 48 31 (2000)

[16] J Vlassak Harvard University Study Materials, DEAS AP 298r,
Spring (2004)

[17] L B Freund and Eric Chason J. Appl. Phys. 89 4866 (2001)

[18] R C Cammarata and T M Trimble J. Mater. Res. 15 11 (2000)

[19] W D Nix and B M Clemens J. Mater. Res. 14 8 (1999)

[20] H Huang, K J Winchester, A Suvorova, B R Lawne, Y Liud, X Z
Hud, J M Dell and L Faraone Mater. Sci. Eng. A 435 453 (2006)

[21] O P Agnihotri, S C Jain, J Poortmans, J Szlufcik, G Beaucarne, J
Nijs and R Mertens Semicond. Sci. Technol. 15 29 (2000)

[22] A Tarraf, J Daleiden, S Irmer, D Prasai and H Hillmer J.
Micromech. Microeng. 14 317 (2004)

[23] C Wang and N-Y Kim Trans. Electr. Electron. Mater. 10 25
(2009)

[24] R S Bailey and V J Kapoor J. Vac. Sci. Technol. 20 464 (1992)

[25] V J Kapoor and R S Bailey J. Vac. Sci. Technol. 1 600 (1983)


https://doi.org/10.1016/j.matlet.2018.03.171

	Stresses in thin films: an experimental study
	Abstract
	Introduction
	Formation of thin films
	Intrinsic stress in thin films
	Thermal stress
	Total residual stress

	Experimental details
	LPCVD process
	PECVD process
	Measurement of RS

	Results and discussions
	LPCVD Si3N4
	PECVD Si3N4
	Applications of results

	Conclusion
	References




