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Silicon nitride thin films are deposited by plasma-enhanced chemical vapor deposition on (100)

and (111) CaF2 crystalline substrates. Delaminated wavy buckles formed during the release of in-

ternal compressive stress in the films and the stress releasing processes are observed macroscopi-

cally and microscopically. The stress release patterns start from the substrate edges and propagate

to the center along defined directions aligned with the crystallographic orientations of the substrate.

The stress releasing velocity of SiNx film on (111) CaF2 is larger than that of SiNx film with the

same thickness on (100) CaF2. The velocities of SiNx film on both (100) and (111) CaF2 increase

with the film thickness. The stress releasing process is initiated when the films are exposed to

atmosphere, but it is not a chemical change from x-ray photoelectron spectroscopy. VC 2015
American Vacuum Society. [http://dx.doi.org/10.1116/1.4923029]

I. INTRODUCTION

Thin films coated onto substrates by sputtering or vapor

deposition often suffer from high residual stress, either com-

pressive or tensile, which usually causes film buckling or

cracking. In most cases, biaxial compressive stresses exist in

the film, one of which causes the buckling with finite width

and height, while the other perpendicular stress cause the

buckling propagation in a sinusoidal manner, called the tele-

phone cord mode.1 These buckling morphologies formed in

thin films to release internal compressive stresses were

observed in many film/substrate combinations, including

carbon/quartz glass and carbon/Si,1–7 boron/glass,2 TiC/

quartz,8 permalloy/Si and permalloy/glass,9 bcc stainless

steel/fcc stainless steel,10 and aluminum/glass.11 The buck-

ling was generally considered as a film failure and undesir-

able, but its profile can be used to determine the mechanical

properties of the film, such as Young’s modulus,2–5,8 because

the buckling formation requires appropriate combination of

the internal film stress and interface adhesion force; other-

wise, the film will either adhere to or fully delaminate from

the substrate. Note all these film/substrate systems1–11 were

stiff films on rigid substrate.

Recently, many researchers focused on the stiff films on

compliant substrates, for example, gold film on

polydimethylsiloxane, because they can form ordered struc-

tures spontaneously12–14 and some novel applications, such

as phase grating, nanochannels for protein concentration, or

smart adhesion.15–17 The films capitalize on the large elastic

modulus mismatch between the film and substrate to obtain

wrinkling of the substrate surface and consequently wrin-

kling of the stiff film. However, in stiff films on rigid sub-

strate, ordered patterns forming spontaneously have not been

reported before, although the formation of wavy buckling

can be controlled by artificially introducing low adhesion

area on the substrate by lithographically patterning1 or laser

beam scanning.11

A new film/substrate combination, silicon nitride (SiNx)/

calcium fluoride (CaF2), is investigated to further reveal the

influence of the rigid substrate on the formation of the tele-

phone cord buckles. In addition, the study on the film instabil-

ity of SiNx on CaF2 will be beneficial for fabrication of novel

CaF2 based devices. CaF2 has an optical transmission range of

150–9000 nm, from ultraviolet to middle infrared. Together

with its insolubility in water, it is a promising material to

make devices allowing simultaneous spectral analyses of

aqueous samples in multiple regions, for example, quantitative

determination of cell concentration in the visible range and

qualitative identification by IR spectroscopy.18–21 These appli-

cations requires CaF2 based devices with microstructures,

such as microfluidic channels for fluid handling or micropillar

arrays for dielectrophoretic concentrating microbes ina)Electronic mail: jamal@mcmaster.ca
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water,22–24 which asks for dielectric thin films that act as pro-

tective layer or etching mask. For this application, SiNx film is

a good choice as it has been widely used in micro-

optoelectromechanical systems and microelectromechanical

systems. Therefore, SiNx thin films are coated onto CaF2 sub-

strates by plasma-enhanced chemical vapor deposition

(PECVD) and the buckling formation processes are studied.

II. EXPERIMENT

CaF2 crystal substrates of (100) and (111) orientations

and area 10 � 10 mm2, 1.0 mm-thick, and surface roughness

of less than 2.5 nm were purchased from MTI Corporation.

SiNx films with thicknesses in the range of 50–200 nm were

deposited on (100) and (111) CaF2 substrates by PECVD at

300 �C with a deposition rate of 8.33 nm/min by the follow-

ing reaction:

3SiH4ðgÞ þ 4NH3ðgÞ
RF

!
T

Si3N4ðsÞ þ 12H2ðgÞ:

The reactant gas flow rates were 7.15 standard cubic cen-

timeters per minute (sccm) for silane (SiH4) and 900 sccm

for ammonium (NH3). The chamber pressure was stabilized

to 87 Pa during the reaction and 50 W power of a 13.56 MHz

radio frequency source used to ionize the reactant gas

molecules.

III. RESULTS AND DISCUSSION

Immediately after removing the CaF2 substrates with

100 nm SiNx films from the PECVD chamber, they were

observed under a microscope, as shown in Fig. 1: (a) and (b)

for SiNx on (100) CaF2 and (c) and (d) for (111) CaF2. Note

that Figs. 1(b) and 1(d) are magnified view of the regions

indicated by the rectangles in (a) and (c), respectively.

Wrinkles formed initially at the edges of both (100) and

(111) CaF2 substrates and telephone cord buckles propagated

along defined directions in the inner periphery of the wrin-

kled area. These views show that the stress releasing process

is initiated from the substrate edges where the periodical

crystalline structure of CaF2 ends and it develops along

defined orientations of CaF2 substrate, not randomly.

The crystal orientations of the horizontal and vertical

edges (x and y directions in Fig. 1) of (100) CaF2 are ½01�1�
and [011], respectively, but are ½�110� and ½�1�12� for (111)

CaF2. On the (100) CaF2 substrate, the two orientations

along which the telephone cord buckles propagate are at

645� angle with respect to x axis, indicating that the buckles

propagate at orientations of [010] and [001]. Angles of 660�

show that the buckles propagate at orientations of ½�101� and

½01�1� on the (111) CaF2 substrate. These buckle propagating

directions indicates that the in-plane stresses of SiNx film on

(100) CaF2 are along [001] and [010] orientations and that

for (111) CaF2 are along ½�110�, ½�12�1�, and ½2�1�1� orientations,

which means the film stress is related to the crystalline struc-

ture of the substrate although the film is not grown epitax-

ially because PECVD SiNx films were mostly amorphous or

polycrystalline at low deposition temperatures.25

The morphology of deposited SiNx films on CaF2 is stud-

ied by using x-ray diffraction analysis with the x-ray wave-

length of 1.54056 Å, as shown in Fig. 2. Four peaks appear

at 2h of 25.56�, 28.26�, 32.78�, and 68.68�. According to the

Bragg diffraction condition and the lattice constant of CaF2

(5.462 Å), the latter three peaks correspond to (111), (200),

and (400) CaF2, respectively. In addition, the peak 2h corre-

sponding to (100) CaF2 is calculated to be 16.21� and that

for (110) CaF2 be 23.01�, both of which are far away from

25.56�. Therefore, the peak at 25.56� can only arise from

SiNx, indicating the SiNx films are polycrystalline.

Regarding physical origins of the stress generated in the

SiNx films, two generic mechanisms had been proposed

FIG. 1. (a) Microscopic views of 100 nm-thick SiNx film deposited by

PECVD on (100) CaF2 [(a) and (b)] and (111) CaF2 [(c) and (d)]. Photos

were taken immediately after removing the CaF2 substrates from the

PECVD chamber. (b) and (d) are magnified views of the regions indicated

by the rectangles in (a) and (c), respectively.

FIG. 2. XRD spectra of silicon nitride films on (100) CaF2 (a) and (111)

CaF2 (b).
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before: (1) surface stress mechanism26–28 and (2) flux-driven

incorporation of excess atoms in grain boundaries.28,29 We

prefer to recall the former because it involves the contribu-

tion from substrate. For the 100 nm SiNx films on CaF2 sub-

strate, the stress can be evaluated by the following

equation:28

r hð Þ ¼ r0 � f1 þ f2ð Þ 1

hcont

� 1

h

� �
;

where rðhÞ is the stress of film with thickness of h, r0 is the

net tensile stress when the film has just become fully contin-

uous, f1 is the surface stress associated with the free surface

of the SiNx film, i.e., the top surface, and f2 is the interfacial

surface stress associated the SiNx/CaF2 interface. In this

model, f1 and f2 were assumed to be isotropic surface

stresses for the simplicity of analysis. However, it is not the

case for the SiNx/CaF2, where at least f2 has relationship to

the crystallographic structure of the CaF2 substrate, which

results in the stresses along [001] and [010] orientations for

SiNx/(100) CaF2 and stresses along ½�110�, ½�12�1�, and ½2�1�1�
orientations for SiNx/(111) CaF2, and thus, the buckle propa-

gating directions aligned with the crystallographic orienta-

tions of the CaF2 substrate.

The front-end of a telephone cord buckle in Fig. 1(b) was

profiled by using atomic force microscopy (AFM), shown in

Fig. 3(a), which shows the buckling height of about 800 nm.

Because the thickness of the SiNx film is 100 nm, much less

than the buckling height, we believe the buckled film is

detached from the substrate. The formation of buckles during

stress releasing implies that SiNx films are compressively

stressed on CaF2 crystals. Figure 3(b) shows the dimensions

of the buckling width, 2b¼ 18 lm, and the undulating wave-

length, l¼ 17.3 lm, of the telephone cord buckle, yielding a

l/2b of 0.961, which is in agreement with previous calcula-

tions in Ref. 1. The half-width, b0, associated with the onset

of buckling is calculated to be 1.2 lm and the stress is esti-

mated to be 1 GPa using the model in Ref. 1 with Young’s

modulus of 150 GPa and Poisson’s ratio of 0.3 for the SiNx

film.30

The stress releasing processes of 100 nm SiNx films on both

(100) and (111) CaF2 substrates were observed by recording

30 min videos under a microscope, in which four frames at the

time of 0, 10, 20, and 30 min are shown in Fig. 4: (a)–(d) for

(100) CaF2, (e)–(h) for (111) CaF2, and (a) and (e) for the time

right after removing CaF2 crystals from the PECVD chamber,

(b) and (f), (c) and (g), and (d) and (h) for 10, 20, and 30 min

FIG. 3. (Color online) (a) Three-dimension profiling of the front-end of a tel-

ephone cord buckle by AFM; (b) measurements of the buckling width, 2 b ¼
18 lm, and the undulating wavelength, l ¼ 17.3 lm.

FIG. 4. Growth of the telephone cord buckles during the stress releasing

processes of 100 nm SiNx films deposited by PECVD on (100) CaF2

[(a)–(d)] and (111) CaF2 [(e)–(h)]. [(a) and (e)]: time ¼ 0; [(b) and (f)]: time

¼ 10 min; [(c) and (g)]: time ¼ 20 min; and [(d) and (h)]: time ¼ 30 min.
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afterward, respectively. We can see that the telephone cord

buckles are growing along certain orientations described above.

The complete processes of stress releasing were recorded

macroscopically by taking photos of 100 nm SiNx films on

both (100) and (111) CaF2 substrates at different times, as

shown in Fig. 5: (a)–(d) for (100) CaF2 and (e)–(h) for (111)

CaF2, (a) and (e) for the time right after removing both CaF2

substrates from the PECVD chamber, (b) and (f), (c) and (g),

and (d) and (h) for 1.5, 28, and 67 h afterward, respectively.

The upper left corner of (100) CaF2 crystal was covered by a

silicon wafer during the deposition of SiNx in the PECVD

chamber, resulting in no SiNx on the corner. Stress releasing

indicated by the wrinkled areas starts from the substrate

edges except for the corner, further proving that stress releas-

ing is initiated from the discontinuity of the periodical crys-

talline structure of the substrates.

In addition, the growth of the telephone cord buckles of

SiNx on (111) CaF2 is faster than on (100) CaF2, perhaps

due to the larger interfacial surface stress (f2), for SiNx/(111)

CaF2, resulting in larger internal compressive stress on (111)

CaF2. And the growing velocity decays with time for SiNx

on both (100) and (111) CaF2. The initial stress releasing ve-

locity of SiNx was defined by the average propagation veloc-

ity in the first 30 min after removing SiNx on CaF2 from the

PECVD chamber and was measured by the recorded video

for different thicknesses of SiNx, 50–200 nm, shown in Fig.

6. For the same thickness of SiNx film, the stress releasing

on (111) CaF2 is faster than on (100) CaF2 because the film

on (111) CaF2 exhibits a larger stress that drives the growth

of buckles. Their initial stress releasing velocities increase

with the film thickness, because thicker SiNx film provides

larger stress to drive the buckles growing faster.

The buckling of SiNx films starts immediately when they

were removed from the vacuum chamber and exposed to the

atmosphere for films kept in vacuum for different time peri-

ods. There exists the possibility that air reacts with the film

and the change of atomic ratio of SiNx initializes the forma-

tion and growth of buckles. To investigate this possibility,

the stressed and stress-released films were characterized by

x-ray photoelectron spectroscopy (XPS) performed on a

100 nm-thick SiNx film on (100) CaF2 crystal. Using a

FIG. 5. (Color online) Photos of 100 nm-thick SiNx films deposited on (100)

[(a)–(d)] and (111) [(e)–(h)] CaF2 substrates by PECVD at different time after

removing them from the PECVD chamber. [(a) and (e)] time ¼ 0; [(b) and

(f)] time ¼ 1.5 h; [(c) and (g)] time ¼ 28 h; and [(d) and (h)] time ¼ 67 h.

FIG. 6. (Color online) Dependence of initial stress releasing velocity of SiNx

film on (100) CaF2 (square symbol) and (111) CaF2 (circle symbol) on film

thickness.

FIG. 7. Depth profile of XPS spectra of 100 nm silicon nitride film on (100)

CaF2 by PECVD. (a) Stressed area in the center of CaF2 crystal and (b)

stress-released area near the edge of CaF2 crystal.
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focused argon ion beam etching, XPS spectra of stressed

SiNx in the center of CaF2 [Fig. 7(a)] and stress-released

SiNx near the edges of CaF2 [Fig. 7(b)] were obtained at dif-

ferent depths from the film’s top surface. In the spectra for

the film’s top surface, peaks corresponding to oxygen are

found because of the natural oxidization of SiNx by the oxy-

gen in air. But they disappear in the following spectra after

the argon ion beam etching, indicating no oxygen exists

inside SiNx films. Therefore, the spectra, except for the top

surface spectrum, can be used to determine the atomic ratio

of nitrogen and silicon, that is, x in SiNx.

The x-ray photoelectron counts of the peaks of N and Si

atoms in the spectra except for the top surface spectrum are

summarized in Table I. The atomic ratio, x, of SiNx film of

stressed SiNx and stress-released SiNx are 0.691 6 0.025 and

0.698 6 0.047, respectively. The small difference of x
between stressed and stress-released SiNx demonstrates that

the stress release process is a complete physical change, not

a chemical change involving reaction with air.

IV. SUMMARY AND CONCLUSIONS

Silicon nitride films of a thickness of 50–200 nm are de-

posited by PECVD on bare (100) and (111) CaF2 crystal sub-

strates. Delaminated wavy buckles formed in the films

immediately after removing the deposited CaF2 crystals

from the PECVD chamber are due to releasing of internal

compressive stress in the films. The stress releasing proc-

esses are observed macroscopically and microscopically.

Stress releasing patterns start from the substrate edges and

then propagate to the centers along defined directions

aligned with the crystallographic orientations of the CaF2

substrate. The stress releasing velocity of SiNx film on (111)

CaF2 is larger than that of SiNx film with the same thickness

on (100) CaF2, perhaps due to the larger interfacial surface

stress for SiNx/(111) CaF2. The velocities of SiNx film on

both (100) and (111) CaF2 increase with the film thickness

increasing because thicker films exhibit larger stresses.

Finally, the atomic ratio, x, of stress SiNx and stress-release

SiNx is analyzed by using x-ray photoelectron spectroscopy.

The results show the same x, proving that the stress releasing

process is a physical change.
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5 0.664 0.694

10 0.670 0.757

15 0.734 0.656

20 0.688 0.682

25 0.692 0.646

30 0.697 0.753

l 0.691 0.698

r 0.025 0.047
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