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This article is on the experimental estimation of the fracture toughness of thin diamond film
deposited by the microwave plasma chemical vapor deposition method on a quartz glass substrate.
Because of their differences in the coefficient of thermal expansion, diamond films on a quartz glass
substrate suffer tensile stress at room temperature and show various kinds of spontaneous fracture
behavior, reflecting the mechanical properties of the films. On the basis of detailed observation of
cracking patterns and also measuring the residual stress with the aid of Raman spectroscopy, the
fracture toughness of the film having thickness of aroundurh has been estimated here
satisfactorily without the help of any difficult microscopic experiment. The fracture toughness of the
film of thickness 0.35um is found to be around half of that obtained with much thicker films.

© 1997 American Institute of Physid$50021-897@7)02224-X

I. INTRODUCTION tained since the indentation cracks always penetrated the in-
terface.

The synthetic polycrystalline diamond films produced by  Accordingly, the objective of this article is to evaluate
chemical vapor depositiofCVD) onto the substrates are be- the fracture toughness of thin CVD diamond films of thick-
ing used for many applications due to their extremeness less than Am, which has not been estimated yet. With
properties:— for example, the highest hardness, stiffnessssuch a small film thickness, it would be practically impos-
thermal conductivity at room temperature, and also good corsible to carry out the conventional fracture toughness tests by
rosion resistance. In addition, diamond film is also expecte¢reparing small specimens. Quartz glass is chosen here as the
to be used as a new semiconductor material, especially faubstrate material on which diamond was deposited to form
the high temperature environméhnt. the film. Since quartz glass has the coefficient of thermal

For the practical use of CVD diamond films, an engi- €xpansion lower than that of diamond, the diamond films on
neering parameter of interest, the resistance to fracture @duartz glass substrate suffer tensile stress at room tempera-
characterized by fracture toughness, is of great importancéire and show various kinds of spontaneous fracture behav-
in order to ensure their mechanical integrity. Draeyyal®  ior in which mechanical properties of films are reflected. On
measured the fracture toughness of relatively thick CVD diathe basis of detailed observation of cracking patterns, the
mond film of thickness 150-20@m by conventional com- fracture toughness of diamond films is successfully obtained
pact tension specimens and also by Vickers indentation techvithout the aid of any difficult microscopic experiment.
nigue. In the case of thinner diamond films, microscopic
cgntllevers of 15—2&m thlcknesslwerg broken in ascan- | v bERIMENTAL OBSERVATION
ning electron microscope and their ultimate tensile strength
was reported by Hollmaet al® Burst pressure technigi® A. Chemical vapor deposition of diamond on the
was also utilized for the diamond films of various thick- quartz glass substrate

nesses ranging from 1 to around 1pfM, where the critical We prepared the substrates made of quartz glass with the
pressure required to explode circular disks of the films wasgjimension of 12.%12.5X2 mm. Prior to deposition, the
measured to evaluate the fracture strength. In these reportg,bstrates were lightly scratched with the help qir@ dia-

they succeeded in carrying out conventional fracture testfond powder in order to enhance the diamond nucleation,
with small scales by applying a mechanical load to the speciand rinsed in water. Diamond growth was obtained in a mi-
mens made of free standing films without substrates. Howerowave plasma reactor at the excitation frequency of 2.45
ever, these methods of direct measurement come up witBHz in the gas mixture of 99% hydrogen and 1% methane.
extreme difficulties for the cases of extremely thin films. The total gas flow rate was 100 sccm. Substrate temperature
Mecholskyet al® carried out indentation tests on 6- and 12 was controlled to be 1120 K.

um-thick CVD diamond films on a silicon substrate to ex- In the early stage of deposition, discrete particles of dia-
amine the fracture toughness. Although they reported the apnond crystal appeared sparsely on the substrate and then
parent fracture toughness of silicon coated with diamond, thgrew up into contact with each other to form a continuous
individual fracture toughness of diamond films was not ob-film within the period of slightly less than 1 h. After continu-
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TABLE I. Film thickness of specimens.

Specimen No. Film thicknegs um
1 0.35
2 0.78
3 1.78
4 2.50

ous deposition for 1-6 h, we obtained four specimens with
different film thickness as indicated in Table I. The actual
film thickness was measured by a laser scanning microscope 100pm
as the difference in level where a part of the film was com- —
pulsorily scratched off. Note that a film thickness of 0.35

pm, as in the case of specimen No. 1, is almost the minimum (a
thickness where diamond patrticles could form a continuous '
film. A

During cooling down from deposition to room tempera-
ture, the misfit of shrinkage between diamond films and
quartz glass substrates results in residual tensile strain in dia-
mond films. According to the reported thermal expansion
coefficients of diamond and quartz glast; as presented in
Fig. 1, we estimated the residual tensile strain to be about
2.3x10 3. Spontaneous fracture of diamond films takes
place due to this tensile strain, which will be presented in the
next section.

B. Appearance of spontaneous fracture

Figure 2 shows the state of spontaneous fracture that - 1 100pm
appeared in the specimens. Figufa)ds the photo of speci- —
men No. 1 taken at room temperature. Cracks in the film can B
be observed on the whole specimen surface, as are empha-
sized in the circle, and the cross section of the film cracks is (b)

schematically illustrated in Fig.(8). On the other hand, Fig.

ng) represfents the photograph of spec[men No. 3, where tWQIG. 2. Typical appearance of diamond film on quartz glass substeite:
different kinds of fracture on the specimen surface are obgpecimen No. 1t=0.35,.m) and(b) specimen No. 3t¢=1.78m).
served. One is the film cracks shown in region B enclosed

with a white line in Fig. 2b), which is the same as those

observed in specimen No. 1. Another is found in region ASubstrate and are bent in the direction parallel to the surface,
shown in the same figure, where film cracks extend into thés illustrated in Fig. ®). These cracks are usually called as
spalling cracks? These characteristic situations of damage
were revealed in detail by the observation performed from
the backside of specimens using a microscope. As can be
seen in Fig. &), region B, emphasized with a white line,
appears as the islands surrounded by the ocean of region A,
] which would be a distinctive feature of this material system.
] We have to write in addition that the interface delamination
] between the film and substrate is not found in all the four
3 specimens.

] The areal percentage of region A actually increases with
J film thickness. The whole area is covered with region B in

] the case of specimen No. 1, i.e., no spalling crack appears,
while the surface of the specimen No. 4 is totally occupied
with region A, i.e., all the cracks are spalling cracks.
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Based on the results observed in the previous section, the
FIG. 1. Thermal expansion coefficients of quartz glass and diamond. progress of spontaneous fracture during the cooling process
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FIG. 3. Schematic illustrations of the cross sections of specimens with
cracks:(a) film cracks andb) spalling cracks.

is considered, as illustrated schematically in Fig. 4. At the
deposition temperature, no damage is supposed in the speci-
men, as shown in Fig.(d). While temperature comes down, A B A
tensile thermal stress gradually increases and at first causes N
the film cracks, as illustrated in Fig.(B). In the cases of
extremely thin films, other forms of fracture do not occur
until getting to the room temperature because of the fact that
only a little energy is stored in the film. However, with larger
film thicknesses, cracks proceed into the substrate and extend
parallel to the surface, thereby leading to the spalling cracks. @
Here let us suppose that all the spalling cracks around a

. . . . . . FIG. 4. Schematic illustrations of the progress of spontaneous fracture dur-
region extend in the direction away from that region, as il ing the cooling procesga) no crack observed at diamond deposition tem-

lustrated in Fig. 4). Then the film in that region, say region perature, thet) film cracks appearc) spalling cracks in region A, an)
B, as indicated in Fig. @), is separated from the surrounding subsequent film cracks in region B.

region A, which results in relaxation of residual stress in

region B. When the temperature goes further down, film . . o . .
crgcks take place inside eegion Bgas shown in Fig).4 side of the figure the distribution of relaxed stress in the film

However, due to the stress relaxation caused by the suE schematically illustrated, by which the resulting state of

rounding spalling cracks in region A, these film cracks intehneir?g can eas;lyfbe calculatled. H((j)wever, Itis W?(rtg noting
region B cannot penetrate the interface any more until reach atihe amount of energy releasec per one crack decreases

ing room temperature. Hence, two forms of fracture are obyVi.th increasing density of cracks. Hence, we can obtain the
served simultaneously in one specimen, as shown in Fi (?rmcal energy release rate of the .f|lm, which represents the
2(b), where the islands of region B are surrounded by theenergy required to produce the unit area of crack s.urface and
ocean of region A. is equivalent to the fr.actl'Jre toughnegs, by measuring .the av-
erage crack spacing in Fig. 5a), provided that the original

residual stressy, can be estimated.

In case the specimen contains only film craaks,sim-
ply means the total residual stress generated in the process of

Now we focus our attention to the spacing of film cracksdeposition and subsequent cooling to room temperature.
in region B. The fracture toughness of diamond films can béHowever, in the actual specimens, region A with spalling
evaluated by calculating the amount of energy released ducracks appears in addition to region B with film cracks, as
ing the extension of film cracks, which is discussed in theshown in Fig. Zb). Therefore we need to estimate how much
following. the residual stress relaxes in region B due to the existence of

Suppose that the film without any crack has the uniformregion A. Since spalling cracks scrape off the surface of
residual stressy, caused by the deposition and subsequenglass substrates by several microns, for example, around 5
cooling. When a crack extends in the film, stress in theum in the case of specimen No. 3, region A could be sup-
neighborhood of the crack surfaces is relaxed and a part gfosed to be mechanically equivalent to the bare substrate
strain energy stored in the film is releasédrigure 5a) surface without the film for the stress relaxation in region B.

shows the cross section with the film cracks, and in the loweA computational model is set up, where the film in region A

Ill. ESTIMATION PROCEDURE OF ENERGY RELEASE
RATE
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A B A FIG. 6. Raman spectrum from the specimen No. 1.

method. Although films are thin, their cross sections with
substrates should be treated as two-dimensional problems
under the condition of plane straif.In this way, we esti-

! mate the critical energy release rate of film cracks in region
0
T B.

/ \ IV. MEASUREMENT OF RESIDUAL STRESS

o Stress in the film
)
Q

In order to execute the calculation in the discussion
above, it we needed to know about the original residual
®) stress,or, and the elastic moduli of the film
OT, .

FIG. 5. Stress relaxation caused by film cra¢&sand spalling crackéb). The residual strain was measured by performing micro-
Raman spectroscopy on the diamond film. Raman spectrum
obtained from specimen No. 1 is shown in Fig. 6. Although

is removed, as shown in Fig(l9. By using this model, the stress free diamond is known to have a peak located at

distribution of residual stress relaxed by region A can be1332 cm?! in its Raman spectrum, a distinctive peak is ob-
calculated with the actual dimension of region B and itsserved at 1329 cit in Fig. 6. This shift is caused by re-
spacing, i.e.| andL as designated in Fig.(5), respectively.  sidual strain in the lattice of diamond crystal and corresponds

Note that the model in Fig.(b) has no film cracks in region o the tensile in-plane biaxial strain=1.6x 10~ 2 according

B. For the evaluation of energy release rate with respect tgp Ageret al!® This amount of strain is a little smaller than

the film crack extension in region B surrounded by region A,what we estimated from the difference in the coefficient of

o1 in the previous discussion should be simply replaced bythermal expansion. Since the peak shift in Raman spectrum

the average of the relaxed stress distributie,, as indi-  means the strain of diamond crystal itself, we can obtain the

cated in Fig. o). stress,o, in the film by operating the elastic moduli of dia-
We actually measured the average size and spacing @fiond crystal as in the following equation:

region B and crack spacing in region B designated,ds, ,

andd in Fig. 5, respectively. Table Il shows the actual region 9~ Ecec, @

B data, where the upper number indicates the average a%ereEé means the biaxial modulus defined as

the lower number in parentheses means the standard devia-

tion for each dimension. Then, the deformation of cross sec- g/ Ec

tions of specimens was analyzed by using the finite element  © 1—v¢’

In Eq. (2), E. and v represent Young's modulus and Pois-
TABLE II. Average and standard deviation of size and spacing of region B,SON'S ratio of diamond crystal, respectively, which are

2

and crack spacing in region B. reported®'* to be 1050 GPa and 0.07. Hence, 1.8 GPa of
_ tensile stress can be obtained as the measured value of re-
Specimen No. ' L d [um] sidual stress in the case of specimen No. 1.
1 51.60 Note that the stress we measured above would be the
(5.89 average stress in the diamond film on specimen No. 1, which
2 4;‘3-;‘0 471.21 79.37 was already relaxed with film cracks. Hence, in order to ob-
?(’ 48'32 g:f;z (12‘;?9 tain the original stress, measured stress is divided by the
3 . . . _ . i
(105.26 (172.18 (16.76 ratio, called here the average stress relaxation ratio. The av-

erage stress relaxation ratio in specimen No. 1 represents the
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average of residual stress relaxed by film cracks and is ob- 1
tained by calculating the stress distribution using the finite 2 o
element method. This calculation of course needs the elastic s o8 o ]
moduli of the films. 8 - 5 ]
Now let us focus our attention on the curvature of spal- ‘g 081 ]
ling flakes. Spalling flakes consists of the films adhered to S o4l b
thin substrates produced by the extension of spalling cracks 5 r
as we discussed in the foregoing section. Equilibrium of 5 o2k O Raman ]
bending moment and in-plane stress in a spalling flake lead « L 8 Calculation ]
to the following relation between the radius of curvatiRe, ol " 5 3
and the original residual stressy, in the film:
Specimen No.
E;tg Ef'tf t t 2 FIG. 7. Measured and calculated stress relaxation ratio.
Ror= 1+ 4+6—-+4|—
T8ttt | El |t
E: (t; 4 V. ESTIMATION RESULTS OF FRACTURE
el | (3 TOUGHNESS
S

In accordance with the procedure discussed above, the
d critical energy release rate of the diamond films was esti-

where E; and E. are the biaxial modulus of the film an ! ;
substrate, respectively. Thickness of the film in the spallingnated- Critical energy release rakg is known to be related

flake is denoted by, and that of the substrate hy in the  With fracture toughnesk, by the following equatiort?
above equation. Therefore, as the elastic moduli of the sub- K _=\E*G,, (4)
strate are already known and alBocan actually be mea-
sured, we can determine biaxial modulus of the film by solv-Where
ing Eq. (3) for E¢, if only we know the stressyy. E;

According to the discussion above, the stress and moduli E*= 1—,2 6)
were estimated simultaneously in the following procedure. f
At first, we supposed moduli of the film to be equal to that ofin the case of plane strain condition. In Ef), v represents
bulk crystal. With this assumption, the average stress relax?oisson’s ratio of the films. Obtained values of fracture
ation ratio in specimen No. 1, and hence the original residugioughness for the specimen Nos. 1-3 are plotted in Fig. 8
stress, were obtained by calculating the stress distributiorfgainst the corresponding thickness of the films. Fracture
Next, the radius of curvature of the spalling flake obtainedtoughness of diamond films with the thickness of 150-200
from specimen No. 4 was measured by a laser scanning mim reported by Dronyet al® is also presented at the right
croscope, and thus the value of the biaxial modulus of thé&ide end of Fig. 8, which was measured by using conven-
film was estimated by solving Eq3). Then we set this tional compact tension specimens made of free standing dia-
modulus into finite element calculation and again obtain thenond films. As can be seen in the figure, fracture toughness
original residual stress. By repeating this procedureand  tends to increase gradually with film thickness. It is here
E; were determined to be 2.0 and 660 GPa, respectively, andentioned that even though some of the standard deviations
were assumed to be constant in all the four specimens. Poigresented in Table Il are up to about 30%, their influence on
son’s ratid®** of the film was supposed to be 0.07 through- the estimation results of fracture toughness has been revealed
out our calculation. The obtained value®f is found to be  to be within only a few percent. In the case of specimen No.
similar to that reported by Holimagt al.® where bending 1. fracture toughness is estimated to be about 3 MPam
tests were performed for cantilevers made of free standing
CVD diamond films with the thickness of 15-28n.

The average stress relaxation ratio calculated for speci- 7.0 B— T ——// —

men Nos. 1-3, with the moduli determined above is shown Sg 60 | ° "
in Fig. 7. In Fig. 7, the average stress relaxation ratio repre- § so L ]
sents the average of the residual stress in region B relaxed by E °
film cracks, and spalling cracks in region A if any, normal- n 40 F 1
ized with respect to the original residual stress in the case of % so b ® i
no cracks. Experimental results obtained by Raman spectros- g L

. K . < 20 F ® Present estimation 1
copy are also plotted in Fig. 7, where the measured stress is E .
normalized by the obtained value of,=2.0 GPa. Calcu- g 101 ®  Drory et al. .
lated variation of stress relaxation ratio with respect to the . 0.0 1 1 1 1 1 r /]
specimens appears in good agreement with the experimental 0.0 1.0 20 3.0
trend. This fact proves that our consideration about the state Film thickness , [um]
of deformation of films, along with the assumption of con-
stanto; and constanE; , is sufficiently appropriate. FIG. 8. Estimated results of fracture toughness.
6060 J. Appl. Phys., Vol. 82, No. 12, 15 December 1997 Kamiya et al.
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