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Abstract

A simple technique to measure the elastic modulus and Poisson's ratio of diamond-1ike carbon (DLC) ®lms deposited on Si substrate was

suggested. This technique involved etching a side of Si substrate using the DLC ®lm as an etching mask. The edge of the DLC overhang,

which is free from constraint of the Si substrate, exhibits periodic sinusoidal shape. By measuring the amplitude and the wavelength of the

sinusoidal edge, we can determine the strain of the ®lm required to adhere to the substrate. Combined with an independent stress measure-

ment by laser re¯ection method this technique allows calculation of the biaxial elastic modulus, E=�1 2 n� where E is the elastic modulus and

n Poisson's ratio of the DLC ®lms. By comparing the biaxial elastic modulus with plane-strain modulus E=�1 2 n2� measured by nanoin-

dentation, we could further determine the elastic modulus and Poisson's ratio, independently. The mechanical properties of DLC ®lms

deposited by r.f. PACVD were characterized using this technique. The ®lms were prepared by using C6H6 r.f. glow discharge at a self bias

voltage of 400 V and a deposition pressure of 1.33 Pa. The elastic modulus and Poisson's ratio were 87 ^ 18 GPa and 0:22 ^ 0:33,

respectively. The effects of the etching depth and the ®lm thickness were also discussed. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Diamond-like carbon (DLC) ®lm has an unique combina-

tion of physical and chemical properties. The unusual

combination of high hardness, wear resistance, optical

transparency, chemical inertness and low friction coef®-

cient, has motivated studies for various applications such

as protective coatings for hard disks, magnetic tapes, VCR

head drums or infrared optical windows [1]. High ratio of

elastic modulus to mass density of DLC ®lm has also

attracted much attention for the applications using high

acoustic wave velocity. Among the applications are over-

coats for speaker diaphragm and surface acoustic wave

devices [2,3]. Accurate measurement of the elastic modulus

is the prerequisite for these applications. The elastic proper-

ties are also critical for the ®lms in micro-electromechanical

systems (MEMS).

The elastic modulus of thin ®lms is generally different

from that of the bulk materials mainly due to defects or

textures in the thin ®lms. Furthermore, the properties of

DLC ®lms can be varied in a wide range by changing the

deposition condition [1]. It is thus desirable to measure the

elastic properties of as-deposited DLC ®lms. The elastic

modulus of thin ®lms has been measured by various meth-

ods, i.e. nanoindentation [4], Brillouin light scattering

measurement [5], ultrasonic surface wave measurement

[6], bulge test [7] and vibration membrane method [8].

However, these techniques need sophisticated instruments

and analysis techniques or delicate micro machining

processes.

In the present work, we suggest a simple technique to

measure the elastic modulus and Poisson's ratio of the

DLC ®lm deposited on Si wafer. Typical DLC ®lms have

high residual compressive stress of up to 10 GPa. Although

the residual stress is one of the major reasons for poor adhe-

sion, we could use the residual stress to measure the elastic

properties. By using an anisotropic etching technique, sides

of the Si substrate were etched with controlled etching

depth. Since the DLC ®lm is chemically inert, the etching

process resulted in unstressed DLC freehang with sinusoidal

shape. Measuring the amplitude and wavelength of the

unstressed DLC freehang allowed us to ®nd the strain of

the DLC ®lm required to adhere to the Si substrate. Because

the residual stress of DLC ®lms can be independently

measured by the laser re¯ection method [9], biaxial elastic
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modulus was thus calculated from a simple stress±strain

relation of thin ®lms. A similar technique was used to

measure the residual stress of SiO2 or polycrystalline Si

®lms on Si wafer by assuming the elastic modulii of the

®lms equal to those of the bulk materials [10,11]. By

comparing the data with the plane-strain modulus measured

by nanoindentation, we could further obtain the elastic

modulus and Poisson's ratio, independently.

2. Experimental

DLC ®lms were deposited on p-type Si(100) wafer by

using capacitively coupled r.f. glow discharge of C6H6.

Details of the deposition conditions are described elsewhere

[12]. The ®lms were deposited at a bias voltage of 400 V and

a deposition pressure of 1.33 Pa. The ®lm thickness ranged

from 0.18 to 1.1 mm by adjusting the deposition time. In

order to measure the residual stress of the ®lms, thin

(100 ^ 10 or 210 ^ 10 mm thick) Si stripes of 5 £ 50 mm

were also used as the substrate. The curvature of the ®lm±

substrate composite was measured by the laser re¯ection

method. The residual stress of the ®lm was then calculated

from the equilibrium equation of the bending plate [13].

Nanoindentation was used to determine the plane strain

modulus of 1 mm thick DLC ®lm on Si substrate. The

load±displacement curve was analyzed by the Oliver and

Pharr method [4]. In order to exclude the effect of the

substrate, a maximum indentation load of 2 mN was used

to limit the maximum penetration depth to less than 0.1 mm.

The DLC coated Si wafers were cleaved along k011l
direction. The Si substrates of the samples were etched in

the diluted KOH solution (5.6 mol/l) at 708C for 10±120

min. In order to obtain a uniform etching condition, the

solution was agitated during the etching process. Because

of the anisotropic etching rate of KOH solution, the k011l
direction of the {111} plane of the Si substrate was

remained as an etching front. DLC ®lm is so chemically

inert that we could not observe any surface damage or

change in the ®lm thickness after the etching process. The

etched samples were wet cleaned in sequence using deio-

nized water, ethanol and acetone. The samples were then

dried in ambient air to prevent any damage by blowing dry

nitrogen. Etching depth was measured by an optical micro-

scope in differential interference contrast (DIC) mode. The

edge of the ®lm freehang appeared to be a continuous and

periodic sinusoidal wave. Scanning electron microscope

(SEM) end-on view was used to measure the amplitude

and the wavelength of the sinusoidal edge.

3. Results and discussion

The residual stress of DLC ®lms measured by the laser

re¯ection method was 1:3 ^ 0:15 GPa in compression and

independent of the ®lm thickness within the error range.

However, the errors in the stress measurement increased

as the ®lm thickness decreased. This is due to the fact that

the errors in the ®lm thickness become more signi®cant in

the stress calculation when the ®lms are thinner. The plane

strain modulus measured by nanoindentaion was estimated

to be 101 ^ 4 GPa.

Fig. 1 shows a typical microstructure of the etched

samples observed by an optical microscope in differential

interference contrast (DIC) mode. It can be seen that the

etching depth is uniform along the ®lm edge. The present

etching process relieves the residual stress of the ®lm by

removing the constraint of Si substrate. Hence, the edge of

the ®lm freehang was recovered to its unstressed length,

resulting in the sinusoidal perturbation. The sinusoidal

shape of the ®lm overhang is more evident in SEM view

of the etched sample (Fig. 2). By measuring the unstressed
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Fig. 1. Microstructure of DLC freehang observed by an optical microscope

in differential interference contrast (DIC) mode.

Fig. 2. SEM microstructure of the DLC freehang shown in Fig. 1.



freehang length for one wavelength, one can determine the

strain of DLC ®lms required to adhere on the Si substrate. In

most cases, the sinusoidal edge extended dozens of wave-

lengths without breaking the ®lm.

Assuming that the deformation tangential to the ®lm edge

is much more signi®cant than that perpendicular to the edge,

one can treat the deformation in one dimension. This

assumption can be met if the freehang length is much larger

than the etching depth. In the present work, the ratio of the

freehang length to the etching depth was in the order of 100.

As shown in Fig. 2, the shape of overhang can be described

by a sinusoidal variation such as y � Aosin�2px=l�, where

A0 is the amplitude and l the wavelength. When the ampli-

tude of the sinusoidal overhang is much smaller than the

wavelength (Ao p l), the unstressed length l0 for one wave-

length can be described by [10,11]

l0 � l 1 1
pA0

l

� �2
" #

�1�

In general, the strain is given by the ratio of the change in

length to the unstressed length. The strain e for one wave-

length is thus given by

1 � 2
l 2 l0

l0

�2�

<
pA0

l

� �2

�3�

The stress±strain relation of elastically isotropic ®lms is

s � E

1 2 n
1 �4�

where the s is the residual stress, E elastic modulus, n the

Poisson's ratio of the ®lm. By rearranging Eq. (4) and

substituting e by Eq. (3), one can obtain

E

1 2 n� � �
l

pA0

� �
�5�

Eq. (5) shows that the biaxial elastic modulus E=�1 2 n�
can be obtained by measuring the amplitude and the wave-

length of the sinusoidal freehang.

The derivation of Eq. (5) was based on the assumption

that the stress relief behavior of the freehang edge is not

affected by the remained substrate. In order to check the

validity of this assumption, we calculated the biaxial modu-

lii for various etching depths. Fig. 3 shows the biaxial

rmoduli E=�1 2 n� for various etching depths ranging from

8.8 to 14.6 mm. When the etching depth is smaller than 8.8

mm, the periodic sinusoidal freehang edge was hardly

observed. In this range, the substrate seems to limit the

deformation of the freehang edge. When the etching depth

is larger than 8.8 mm, E=�1 2 n� were estimated to be 122 ^

28 GPa and independent of the etching depth within the
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Fig. 3. Biaxial elastic moduli E=�1 2 n� of DLC ®lms for various etching

depths.

Fig. 4. SEM end-on views of DLC freehangs. (a) Film thickness 0.18 mm.

(b) Film thickness 0.78 mm.



error range. This result shows that the remained substrate

does not affect the stress relief behavior of the freehang

edge, once the etching depth is larger than a certain value

(in the present case 8.8 mm). If the etching depth is larger

than 15 mm. the fracture of the ®lm frequently occurs due to

the bubbles formed during the etching process.

The ratio of the plane strain modulus measured by

nanoindentation to the biaxial elastic modulus gives the

Poisson's ratio of the DLC ®lm. The calculated Poisson's

ratio was 0:22 ^ 0:33. The elastic modulus E was thus esti-

mated to be 87 ^ 18 GPa. This result is in good agreement

with the previous values of the mechanical properties of

DLC ®lms prepared by the PACVD method. Depending

on the deposition condition, the value of E ranged from

90 to 220 GPa and n from 0.22 to 0.39 [7,14,15].

In order to investigate the effect of the ®lm thickness on

the elastic modulus measurement, we prepared the etched

samples of various ®lm thicknesses. Fig. 4 shows the end-on

views of sinusoidal freehang of different ®lm thicknesses.

Both the amplitude and the wavelength increased with

increasing the ®lm thickness. The biaxial elastic moduli

are thus independent of the ®lm thicknesses as shown in

Fig. 5. However, the modulus of thin ®lms (0.18 mm

thick) was estimated to be smaller than those of thicker

®lms. The reason for this uncertainty seems to be associated

with the different ®lm properties caused by the signi®cant

effect of the initial transient period of the ®lm deposition.

However, it should also be considered that the errors in the

measurements of the amplitude and the wavelength are rela-

tively large when the ®lm thickness is small. Furthermore,

the errors in the residual stress measurement are more

signi®cant in the case of thinner ®lms. It is thus desirable

to use the ®lms of thickness larger than 0.5 mm for the

accurate measurement of the elastic modulus.

4. Conclusions

The elastic properties of DLC ®lms were measured by a

simple technique where the Si substrate was etched using

the DLC ®lm as an etching mask. The edge of the unstressed

DLC ®lm illustrated sinusoidal perturbation. The biaxial

elastic modulus was obtained from the stress±strain relation

of thin ®lms by measuring the amplitude and the wavelength

of the ®lm freehang and using the residual compressive

stress of DLC ®lms that can be measured by an independent

method. By combining this technique with nanoindentation,

the elastic modulus and Poisson's ratio could be indepen-

dently measured. The elastic modulus and Poisson's ratio of

the DLC ®lm were 87 ^ 18 GPa and 0:22 ^ 0:33, respec-

tively. It was desirable to use ®lms thicker than 0.5 mm for

the accurate measurement of the elastic properties by this

technique.
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Fig. 5. Biaxial elastic moduli E=�1 2 n� of DLC ®lms for various ®lm

thicknesses.


