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This article studies elastic anisotropy of chemical vapor deposi@yD) polycrystalline diamond

films using acoustic spectroscopy and micromechanics modeling. CVD diamond films often exhibit
elastic anisotropy between the film-growth direction and in-plane direction and show five
independent elastic constants. They are denote@hy Ci3, C43, Ca4, andCgg When thexs axis

lies along the film-growth direction. Measurements of thickness resonance frequencies and
free-vibration resonance frequencies of the diamond film deduce four independent elastic constants
among them, includin€ 4, andCgg, with which the elastic anisotropy is discussed. The anisotropy
between the shear moduli is 5%—-10%. The elastic constants are remarkably smaller than those of an
isotropic polycrystalline diamond. We attribute the anisotropy and small elastic constants of the
CVD diamond film to local incomplete cohesion. This view is supported by a micromechanics
calculation. ©2003 American Institute of Physic§DOI: 10.1063/1.1620376

I. INTRODUCTION tion of a reed composed of a film/substrate layered glate.

Diamond films have received intensive study by manyThese methods always involve ambiguity caused by the me-

researcherk;® because they can improve many Crystal_chanlcal contact needed for gripping the specimen and for

system devices with their outstanding stiffness, thermal con'® acoustic ~transduction.  The  Brillouin-scattering

ductivity, electric insulativity, and optical refractivity. The te(ihn;qtl;]é per\;i'desn? ntorncontt)actlng miftihoic:l, bl:lt Iiiii/allet}d :]O n
largest elastic-stiffness coefficients, for example, meet th eect the elasfic anisotropy because 1L IS INSensItive 1o no

need for a gigahertz-frequency surface acoustic WS¥&V) ayleig_h-wave gcoustic modes and the resul@jgncludes

device® Recent advancement of the chemical vapor deposigncertalnty, typ'C?”y more than 10%. Thu_s, no StL.jdy has

tion (CVD) technique makes those applications possible. repo:;tl theeeéaeigfmagf?;gpyo?g-:ﬁgﬁ ?_:i]n;o dng glsr].:é d
Elastic-stiffness coefficient§;; are indispensable to de- » W ! 1 : ' posi

signing such an application as a SAW filter. They also reflecg ye(;[thr(ca)sc(c:)\/ilg r;e(:t?]';g;j? el::Icr:?orrggoneatliccofctcljcu-gtaiiorr]ggg-e-
the material’'s bond strength, which is difficult to evaluate P P 9

9 .
with conventional methods as scanning electron microscop?SB%?(l%MgATF:l)e Erl\]/ldA(:l?)r;(aestﬁggr:ﬁgaitrraezotl;gdtrﬁEisggssigsg-
(SEM) and transmission electron microscoffyEM). Thus, '

. ) . X nance fr nci f a longitudinal-plane wave an lar-
measurement of a diamond-fil@;; remains an important ance frequencies of a longitudinal-plane wave and a pola

issue. Several studies reported diamond-film elastic con'-Zed shear-plane wave propagating in the film-growth direc-

stants, assuming it to be elastically isotropfcHowever, a tion. These frequencies are closely related to thg and

polycrystalline diamond thin film macroscopically shows Caa, respectively. The RUS method measures the free-

elastic anisotropy between the directions parallel and norm mzr?:;giIrwtiarfo?r?rr;(;ee];;(as,?iltj:ecnc?r:?agrsthgof‘r?t?ig;;iirr: g? t(rj\idt\tijvi)e
to the film surface. This occurs because of the columna 9 '

structure, texture, residual stress, and local incohesive bonﬁsonance methods determines all the elastic constants of the

(or microcracks Thus, a diamond thin film will show trans- m in principle. (However, theCs; was gnavaﬂable in the

verse isotropy(or hexagonal symmetyywith five indepen- present study because of the upper limit of frequency range
L . of the instrument we used.

dent elastic-stiffness coefficients. They are denoteby; . 0 o ) L .

Cs3, Cq3, Cuy, andCgqg with a coordinate system, where the we f'nd. 5%-10% an|sotr9p|es in the _shea_\r moduli be-

3 "5 long he fim-routhdrecton.and gands, 451 08 Trte ane e imgroun drectons: e o

axes lie parallel to the film surface. Most previous studies oriirm this view b de%lo ina micromechanics modelin

film's elastic constants reported only the in-plane Young’s y ping 9:

modulusE; using the static bending tésind flexural vibra-
Il. MATERIAL

aAuthor to whom correspondence should be addressed; electronic mail: ~ 1Ne diamond_ f"ms were deposited Orﬁfﬁ?l) surface of
nobutomo@me.es.osaka-u.ac.jp a monocrystal silicon substrate by the microwave-plasma
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EMAR. EMAR makes it possible to measure the thickness
resonance frequencies of the longitudinal and shear waves
propagating in the film-growth direction with a high
accuracy® We used a bulk-wave EMAT.It consists of a
spiral-elongated coil and a pair of permanent magnets
mounted to the coil to simultaneously generate and detect a
longitudinal wave and a shear wave polarized parallel to the
film surface through the Lorentz-force mechanism. The same
EMAT receives the reflected and overlapped echo signals. A
frequency scan provides the resonance spectrum and the
) ) ) ] ) Lorentzian function fitting determines the resonance frequen-
an'Sr'o\l,\'lais_'\gl;?rﬁgec‘:;éhsq:tf(fj_'sw'°” of diamond film deposited by thesjeg The resonance frequencies of the longitudinal and shear
ultrasounds depend on the fil@y; andC,,, respectively, as
well as the thickness and mass density. The filbag and
CVD technique reported elsewher@he film surface was Cg4 are determined by measuring the resonance frequencies.
mechanically polished to obtain a flat surface and then the Because diamond is nonconductive, we deposited a 300-
silicon substrate was chemically removed. Figure 1 shows&m-thick Au film on a specimen’s surface so as to make the
the microstructure of cross section of the CVD diamond: a-orentz-force coupling possible. The deposition should
columnar structure is observed. Two specimens were mehange the resonance frequencies. Although the frequency
chined: (i) 0.525-mm-thick rectangular parallelepiped CVD shifts are estimated to be 1% at most, we eliminated this
diamond with 5.01%5.003 mn? faces, andii) 0.289-mm-  effect using the frequency equation for a double-layered
thick disk-shape CVD diamond with 20.012 mm diameter.plate, which was derived by considering four partial plane
We also usediii) a rectangular-parallelepiped-shape high-waves traveling along the; direction. The resulting expres-
purity morﬁnocrystal diamond, measuring 4.026025  sion takes the form
X 0.478 mni for comparison. This was fabricated by the ul- —C L. 4
trahigh pressure synthetic method. Caukn taNkayGau= Carakiatankoieoa- @
X-ray diffraction spectrum of the CVD diamond speci- Here,C;, d;, k; (i=diamond or Au are the elastic constants
mens showed large220) peaks as seen in Fig. 2, indicating €ither of the longitudinal modeQss) or shear mode.,y),
that the(110 crystallographic planes are preferentially ori- thickness, and wave numbler=27f/v with wave velocityv
ented parallel to the film surface. This is in agreement withand resonance frequenty Equation(1) yields C33 or Cy, of
Djemia’s result on a CVD diamond filthThe lattice param- the diamond film with the measured resonance frequencies
eter deduced from the x-ray measurements was 3.562nd other known quantities.
+0.001 A for each specimen, which is identical to that of a
monocrystal diamond

Diamond film

v

B. Free-vibration resonance and RUS

IIl. MEASUREMENT METHODS The remaining three elastic constants;{, C;,, and
Cio) were determined by the RUS methtd!® Free-
vibration resonance frequencies of a solid specimen depend
An electromagnetic acoustic transdud@&MAT)® can  on the dimensions, the mass density, and all@jeof the
excite and detect ultrasound vibration in electrically conducsglid. Then, the filmC;; can be determined from the mea-
tive materials without any contact through the Lorentz-forcesyred resonance frequencies of free vibrations by an inverse
mechanism and/or the magnetostriction effect. EMATS usugajculation. This procedure has been established by several
ally show a low efficiency of conversion between the elec-researcher®-13
tromagnetic fields and elastic waves. However, by superim- Figure 3 shows the measurement setup. The specimen
posing reflection echoes coherently in a resonance state, thgys put on the piezoelectric tripod consisting of two pinduc-
efficiency remarkably increases. This method is calleders and one support. One pinducer generates a sinusoidal
continuous-wavedcw) signal in the specimen and the other
pinducer detects the amplitude of vibration. Sweeping the

A. Thickness resonance and EMAR

= 150F ] frequency of the cw signal for excitation and measuring the
§ n oscillation amplitude as a function of the frequency, the reso-
£ 100 § ] nance spectrum is obtained, which consists of many reso-
ﬁ ] nance peaks. Fitting the Lorentzian function around these
§ 50 ] peaks determines the free-vibration resonance frequencies.
£ L Because the piezoelectric tripod requires no coupling agent
Y . . — between the transducers and specimen, and no external force
40 50 60 70 80

except for specimen weight, an ideal free vibration results.
The conventional RUS method, however, has a serious

FIG. 2. X-ray-diffraction spectrum on the, face of the 0.289-mm-thick Problem. In determmmg th€;; inversely from the measured

CVD polycrystalline diamond specimen. resonance frequencies, one must compare between a mea-

20 [degree]
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synthesizer voltimeter FIG. 4. Measured EMAR spectrum of the 0.525-mm-thick polycrystalline
CVD diamond.
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the 0.289-mm-thick and 0.525-mm-thick specimens, respec-
tively, being identical. The error bands arise from the
resonance-frequency measurement errors; we measured the

surement and a calculation referring to the same resonanégSenance frequencies ten times for each specimen and ob-
mode(mode identification Since many resonance peaks ex-{@inéd the error bands. The,, of the CVD diamond film

ist and they often overlap, it is quite difficult to identify 29r€€s well with the shear modulus of the polycrystalline
them. If mode misidentification is included in the inverse diamond. We could not determine ti&s; because of the
calculation, the resultan€;; has no physical meaning. In upper frequency limit{-22 MHz) of our instrument, beyond

order to achieve the correct mode identification, we meaWhich the resonance frequencies of the longitudinal wave

sured the out-of-plane displacement of the vibrating speci¥ill occur.

men at each resonance mode using laser-Doppler interferom- Figure 5 shows an observed resonance spectrum mea-
etry. By comparing the measured and computedU'®d by the RUS method. The resonance-peak heights var-
displacement distributions, we achieved unambiguous modi§d depending on the positions of contacts between pinducers
identification, leading to the correct elastic constants. Sinc&"d Specimen, but the resonance frequencies did not change.

diamond is transparent, the Au-deposited surface was uséd9ure 6 exemplifies the computed and measured displace-
for this measurement. ment distributions of the vibrating specimen. The mode no-

tation follows Mochizuki*® We see excellent agreement be-
tween the computed and measured distributions, which
ensures the correct mode identification.

Table | shows the monocrystal-diamo@¢ measured in After an inverse calculation, we can calculate the sensi-
the present study using the RUS method. They are consistetitity of each elastic constant to the resonance frequencies,
with reported value$® We calculated th&€;; of an isotropic  that is, 9f/dC;; .12 Using the sensitivity and errors in mea-
polycrystalline diamond from the measured monocry§ial  sured resonance frequencigsmaller than 104, we esti-
using the Hill approximation. mated the accuracy of the resulting elastic constants. In Table

Figure 4 shows the resonance spectrum of the thickneds we show the determined elastic constants and in-plate
resonance of the shear wave for the 0.525-mm-thick CVDroung's modulus E;) calculated from th&€;; . AlthoughE,
diamond. TheC,, was calculated from the measured reso-depends orCs;, the contribution ofC5; to E; is so small
nance frequency and,, of Au (=27.6 GP&") using Eq.(1). (9E,/9C43< 10 3) that we used the isotropi€s; in the cal-

The resultingC,, were 532.6-3.7 and 532.5 3.7 GPa for  culation of E;.

FIG. 3. Measurement setup of the RUS/laser technique.

IV. RESULTS

TABLE I. Elastic constants of monocrystal and polycrystalline diamdi@&i23.

Monocrystal Polycrystal
0.289 mm thick(hexagonal .
Present Reference 16 Aggregated 0.525 mm thick (110 texture (100 texture (111) texture
(cubig (cubig (isotropio  Measurement  Micromechanics (hexagonal (hexagonal (hexagonal (hexagonal
C,;  1068.6£2.1 1076.0 1143.0 1126490.1 1117.0 1070:830.2 1150.4 1114.7 1163.2
Cy; 1068.6£2.1 1076.0 1143.0 — 1143.0 — 1162.9 1068.6 1197.4
Ci 119.8-1.7 125.0 82.6 11691.4 79.4 106.53.9 85.1 119.8 55.4
Ci3 119.8£1.7 125.0 82.6 139:84.8 80.6 — 72.7 73.7 89.6
Cus 571.0+0.3 575.8 530.2 532:63.7 524.6 532.50.5 520.5 571.0 504.7
Ce 571.0:0.3 575.8 530.2 504:80.03 518.8 481.90.04 532.6 520.5 536.8
E, 1044.4-4.5 1038.8 1131.8 1100:80.04 1107.0 102460.1 1140.2 1098.0 1154.1

aCeez (Cpi—Cyp/2.
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FIG. 5. Measured RUS spectrum of the 0.525-mm-thick polycrystalline

CVD diamond. FIG. 7. Modeling of the CVD polycrystalline diamond with isotropic matrix
and microcrack inclusions.

There are two significant observations. FitGt,, Eq,

and Cgg of the CVD polycrystalline diamonds are smaller ) .
than those of the isotropic diamond. For the 0.289-mm.-thick!igned parallel to thecs surface with random rotation in-
specimenCy;, E;, andCg are smaller than those of the plane or|entat|0|_’1 around tb@ axis. The Hill approximation
isotropic diamond by 1.5%, 3%, and 1.5%, respectively; andv@s used for this calculation
for the 0.525-mm-thick specimen, they are smaller by 6.5%, 1 (2=
11%, and 6%, respectively. Second, tBg, of the 0.289- <Cij>Voigt=EJ C;;dé,
mm-thick and 0.525-mm-thick CVD diamond films are 0
larger than theilCgg by 5.5% and 10.5%, respectively. This 1 (2r
indicates that the CVD polycrystalline diamond is elastically <Sj>Reuss:Ef S;;dé, 2

. . 0
anisotropic.

<C__>H_”:<Cij>Voigt+<Sij>Re1uss.

V. DISCUSSION e 2

We consider following three possible causes for the€re.S; denote components of the elastic compliance ma-
above two observationgi) residual stress(ii) texture, and X @nd #is the rotational angle about thxg axis. Diamond
(iii) local incohesive regions. Residual stress changes th@Xnibits alow anisotropic factor(=1.2), for which the Hill
atomic distance and the elastic constants because of latti@€rage method is known to provide good approximation for
anharmonicity. However, the lattice parameters of the Cvpihe aggregated;; . The calculated;; for the (110 texture
polycrystalline diamonds determined by the x-ray diffraction@'® Shown in Table I[For comparison, the calculations for
are identical to that of a monocrystal diamond, suggestin?lll) and (100 textured films are also givehThe Ceg is
that the residual stress is small if any. The residual stress 1gr9er thanCy, in the case of th¢110) texture; this result is
usually caused by a mismatch of thermal expansion coeffi0PPOSite to the observed results. Furthermore, Bheis
cients between the film and substrate. Because the substrafé9€r than that of the isotropic case, being an opposite rela-
has been removed, the major part of the residual stredionship to the observations again. Thus, the texture cannot

should be released. Thus, the residual stress cannot expld§ & dominant factor for the observations. o
the observations. We finally consider the presence of many incohesive in-

Second, we consider the effect of texture. As seen in thi€rfaces at the columnar grain boundaries. As seen in Fig. 1,
x-ray-diffraction spectruntFig. 2), the film-growth direction CVD pqucrystalline diamond consists of t.he columnar struc-
(x3) is oriented preferentially in thé110) directions. We ture. It is known that microcracks, graphlte, and amorphops
calculated the macroscopig;; of such a textured micro- carpon could occur on the boundarles of_the colu_mnar grains
structure that all thé110) planes of the columnar grains are during the CVD process, causing such incohesive-bond re-

gions. They will be negligible in the volume-fraction point of
view, but their influence on the elastic properties can be re-

markable, because the presence of such thin oriented weak-
B3 bond regions softens the material and causes elastic anisot-
(15783 KHz) ropy. We investigate the effect by developing a

Al
(245.3 kHz)

micromechanics modeling. We assume the material to be a
composite consisting of two phasds): isotropic matrix of
polycrystalline diamond andii) thin ellipsoidal-shape mi-
crocracks aligned along the columnar grain boundaises
Fig. 7).

L N The elastic constant§: of a two-phase composite are
. calculated using Eshelby’s equivalent inclusion thédand
e » Mori-Tanaka’s mean field theotYas

Cc=Cn+[fi(C=Cw)Agl[ful +fiAg] Y,

Byl
(3512 kHz)

Bi-5
(1723.0kHz)

B2
(368.1 kHz)

5 mm

©)

FIG. 6. Computedleft) and measure¢right) surface displacements of the -1 1
vibrating specimen. Mode notation follows MochizuRef. 18. Ag= [SCM (CI - CM) + |] )
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FIG. 8. Calculated elastic constants of the CVD diamonds with the micromechanics mo@li@g; andCgg and(b) C,, andE, . Measurements are for the
0.289-mm-thick film.

whereC,, and C, are elastic-constant tensors of the matrixto factors in the analysishape, aspect ratio, porosity, and so
and inclusions, respectively, arfdlis Eshelby’s tensorf,, on). The exact properties of the inclusion are required to
andf, are volume fractions of the matrix and inclusion. Es- predict them correctly.

helby’s tensor depends on the shape of inclusion and Pois-

son’s ratio of the isotropic matrix. When the inclusions arey; coNCLUSIONS

ellipsoids, the nonzero components $foecome simple as _ o
tabulated in Mura’s monogragh. In this study, a combination of the EMAR and RUS
Figure 7 shows the procedure of ana|ysisl US”']g(Bh method determined the independent elastic constants of CVD
we determine th€;; of a composite material that consists of diamond films includingCy,, which was unavailable with
the isotropic matrix and th|n e”iptica|_shape inc|usi0rﬁ ( ConVen-UonaI methods. The elastic Consta!’]ts of the CVD dia-
>a,>a,), whose axes are aligned along the three principamond film are smaller than those of the isotropic polycrys-
coordinate axegFig. 7(b)]. This composite shows ortho- talline diamond and they show elastic anisotropy between
rhombic Symmetry and has nine independent e|astic Corme fl|m—gl‘0Wth dll‘eCtIOI’l and the In-plate d|reCt|0n. The re-
stants. The elastic constants are then averaged around theSidual stress, texture, and incohesive grain boundaries in the
axis using Eq(2) [Fig. 7(c)]. Thus, we simulate the incohe- columnar structure were considered to be the causes of these
sive interfaces, distributed randomly along the columnai©bservations. We conclude that only the incohesive grain
boundaries, keeping their major axes oriented along the filmboundaries could explain the measurements. This was sup-
growth direction. ported by micromechanics modeling. It is difficult to evalu-
We assumed zero modulus for the microcracks andite such incohesive boundaries with conventional SEM and
az:a;:a,=5:1:0.0005.(The ratio ofaz/a; hardly affected TEM observations. Accurate ultrasonic measurement of the
the calculations. Figure 8 shows the calculated;; as a overall elastic constants of films provides information on the
function of the inclusion’s volume fraction. All volume frac- bond strength, which will be directly related to strength of
tion providesC,, larger thanCgg, Which is consistent with the material. . _ .
the observations. When the porosity is nearxi1®°, the To date, few researchers discussed the elastic anisotropy
calculation gives the diagonal components of the elastic corf the CVD diamond films on the basis of an accurate mea-
stants and in-plane Young's modulBs close to those of the Surement of the elastic constants. The elastic anisotropy ob-
0.286-mm-thick specimen. For the 0.525-mm-thick Speci_served in this study will contribute to improvement of vari-
men, the calculation provides tf@;é close to the measure- OUS acoustic devices.
ments with the porosity of 4010 °. The 0.286 and 0.525
mm films have different porosities, which suggests a film-1G. Lehmann, M. Schreck, L. Hou, J. Lambers, and P. Hess, Diamond
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dence OT porosity here h"fls not bee.n clarified, but our _m'cro'GS. Shikata, H. Nakahata, A. Hachigo, and N. Fujimori, Diamond Relat.
mechanics model essentially explains both small elastic con-mater.2, 1197(1993.
stants and elastic anisotropy of the CVD diamond films. ;S- Sakai, H. Tanimoto, and H. Mizubayashi, Acta Matét, 211 (1999.
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