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This letter studies the relationship between the off-diagonal elastic con§tgnaind bond
configuration in nanocrystalline-diamon@CD) thin films deposited by the nitrogen-doped
chemical vapor deposition method. The film thickness was varied between 2.4 andm1The

elastic constants were measured by resonant-ultrasound spectroscopy coupled with laser-Doppler
interferometry. The diagonal elastic consta@is andC,,, and Young’s modulus in NCD films are
smaller than those of the bulk polycrystalline diamond and microcrystalline-diarfd@®) thin

films, and they decrease as the film thickness decreases. However, the off-diagonal elastic constant
of the NCD films is significantly larger than that of the bulk diamond, while that of the MCD films

is smaller. Micromechanics calculations revealed that this exceptional enhancen@gntooturs

when the material includes randomly distributed thin graphitic plates in the isotropic diamond
matrix. Thus, this result indicates that the NCD films consissgtbonded diamond grains and
sp*-bonded grain boundaries. 005 American Institute of PhysidDOI: 10.1063/1.1946920

Recent developments in the chemical vapor depositiomripping condition. We recently developed an alternative
(CVD) technique have made it possible to deposit nanocrysmethod for the determination of anisotropic elastic constants
talline diamond(NCD) films on metallic or semiconductor of thin films using free-vibration resonance frequencies of
substrates by incorporating nitrogen impurities into the reacthe film/substrate rectangular-parallelepiped specilfien:
tant gase$™* NCD films now create an emerging field of Because the resonance frequencies depend on dimensions,
study because of their attractive mechanical and electricahass densities, and all the elastic constants of the film and
properties, such as high hardness, high stiffness, flat surfaceybstrate, measuring them with a sufficient accuracy enables
and enhanced electrical conductivity. us to determine the elastic constants of the thin film via an

Microstructure and bond configuration in NCD have inverse calculation. The most important process is the mode
been studied by Raman spectrosc‘b‘ wnd electron energy- identification because mode misidentification yields a physi-
loss spectroscoﬁy as well as transmission electron cally meaningless answer. We carried out this by measuring
microscopy' ™ These intensive studies indicate that in NCD the distributions of displacement amplitude on the vibrating
films the grains are composed sf*-bonded carbon atoms SPecimen using Dopgﬁlirginterferometry and by comparing
with a high degree of short-range ordering and the grairfhem with calculations. o _ S
boundaries contain a large fractionsg?-bonded atoms. Be- We prepared five NCD thin films with various film thick-
cause the Raman spectra suggest #f@tbonds at grain N€SSes between 2.4 and 1L@ by the hot-filament CVD
boundaries are distortéd, the bond strength between grains Method.  The  substrates were oriented  rectangular-
will be weak. Thus, the NCD film consists of the tightly Parallelepiped monocrystal silicon, measuring %40
bonded atoms in diamond grains and relatively weak inter:< 94 mn¥. Source gases were GHHp, and N, and their
grain bonds. We here show the relationship between such fiPW rates in units of sccm were 6, 200, and 1, respectively.

specific microstructure of NCD films and the elastic-constani € deposition roate was 0.3am/h and sgbstrates tempera-
tensor. ure was 620 °C. The pressure during deposition was

The elastic constants of NCD films are of great interest50 .TO”' The grain size was b_etween S a_nd 3(.) nm. For com-
. . ) . arison, we prepared three microcrystalline-diam@i&€D)
because they determine the geometrical configuration

: : - thin films with thicknesses between 3.8 to 17; source
many surface acoustic wave devices and they are indispens-

ble f luating int | th | st H th ases were CHand H,, and their flow rate was 3 to 100.
avle Tor evalualing internal thermal Stresses. However, eposition rate was 0.64m/h and substrate’s temperature
elastic- constant tensor of thin films are not determined ac-

was 720 °C. The grain size was of the order of the film

curagtiagly by c_:onventhnal ms,@ﬂ‘)ds such has m'Crr?_tehrllS""?hickness. We measured the film thickness and grain size
tests™" and microbending te because they are highly i 5 field-emission scanning-electron microscope on the

affected by dimension errors of the specimen and ambiguoysqss section. Raman spectroscopy was performed for the
NCD and MCD films. The Raman spectra for MCD films
¥Electronic mail: ogi@me.es.osaka-u.ac.jp showed a high and sharp peak at 1332 %nindicating a
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FIG. 1. Resonance spectra of the silicon substrate aloreken line and 9 c 1+ § 4
2.43 um NCD/Si specimerfsolid line). g 6 {4\ g N - SR Y
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large volume fraction of thesp-bonded region, whereas 3

those of NCD films showed a much lowsp*-bonded peak '5"" * T

and a higher and broader peak centered near 1506, am R EEE ol 1+ 1
dicating a larger volume fraction of the distortepf-bonded N N : s 2
region’ Film Thickness (um) Film Thickness (um)

We first measured the resonance frequencies of siIicoln_IG 3. Thickness de . .

. . 3. pendence @& the diagonal elastic constants and
substrate alone and then measured them after the dEDOSItI%hng’S modulus an¢b) that of the off-diagonal elastic constant. Horizontal
of the diamond films. Figure 1 shows an example of theproken lines are elastic constants of isotropic bulk diamond.
observed resonant spectra for the silicon substrate and the
2.43 um NCD/Si specimen. Figure 2 compares the changes
of the resonance frequencies caused by the deposition for #&lEnt isotropic elastic constants of the diamond films.
specimens with the differences between measured and calcu- Figure 3 shows the thickness dependence of the mea-
lated resonance frequencies. The deposition of the diamorgired elastic constants. Broken lines denote ideal isotropic
flms increased the resonance frequencies by 2%-259%glastic constants of bulk diamond calculated by the Hill-
which is much larger than the calculation error of the reso-averaging method (The Hill-averaging method is not the
nance frequencieg~0.2%), ensuring that we obtained reli- best averaging method, but it gives good approximation
able sets of elastic constants of the diamond thin films. wavhen the material shows a smaller anisotropy factor such as
estimated possible errors in the resultant elastic constané§amond) Concerning the diagonal elastic-constant compo-
taking account of two principal error sourcés:the error in ~ nents(Cy; andC,,) and Young's modulugFig. 3@], we find
the thickness of the thin film angi) errors in the measured that(i) those of the NCD films are smaller than those of bulk
resonance frequencies. The former causes errors in the elaiamond and MCD films andii) those of the NCD films
tic constants of thin films that are nearly proportional to thedepend on the film thickness; thinner NCD films are less
film-thickness error. The second factor causes different errorstiff. These observations may be attributed to noncohesive
in the elastic constants depending on their contributions tdébonds between grains; that is, noncohesive bonds on grain
the resonant frequencies. Because the off-diagonal elastlundaries caused softening of polycrystalline matetfS.
constant is less sensitive to resonance frequencies, the eridpwever, we have to note that the values@p, the off-
caused by these two factors is larger than those in the diagliagonal elastic-constant component, of the NCD films are
onal elastic constants. Thus, we determined the possiblggnificantly larger than that of bulk diamond and those of
maximum errors based on the calculation of contributions othe MCD films[Fig. 3(b)]. This observation cannot be ex-
individual elastic constants to resonance frequencies. Detaifained by the noncohesive bonds at grain boundaries as
are given elsewher¥. The error bars are shown in Fig. 3. demonstrated in Fig.(4): The macroscopic elastic constants

For mode identification, the distribution of the vibration of the polycrystalline diamond including randomly oriented
amplitude at each resonance frequency was measured atidn pancake-shaped microcracks are calculated by the mi-
compared with that calculated. They showed excellent agreesromechanics model to simulate the soft regions at grain
ment, achieving unambiguous mode identificaibh’ We  boundaries. The calculation proceeded in two sf@pis):CaI—
used 25-30 resonance frequencies to yield the two indepewulation of hexagonal elastic constants of such a composite
consisting of the isotropic diamond matrix and the thin
pancake-shaped inclusiorigoids), whose minor axes are
oriented along a direction andii) calculation of the
direction-over-averaged elastic constants of the composite by
the Hill- averaging method. Both the diagonal and off-
diagonal elastic constants decrease with the increase of the
volume fraction of the defe¢Fig. 4@]. This model explains
400 600 800 1000 the decrease of the elastic constants of the MCD films, but it

Frequency (kHz) cannot explain the enhanced off-diagonal elastic constant of

the NCD films. Thus, we calculated the elastic constants with

FIG. 2. Normalized changes of resonance frequencies caused by the depﬁhother model that the;ﬁ—bonded diamond grains are
sition of diamond films(open marks and normalized differences between

measured and calculated resonance frequencies after the convergence of R%”de‘?' each other th_rOUQh tm'pz'bondEd gl’aph_ltIC plates,_
inverse calculation(solid marks. Results for all specimens are plotted assuming that the axis of the hexagonal graphite phase is

together. normal to grain boundaries. Using the reported elastic con-
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12 ————rm 3 12 ——rr——m 3 count of the microstructure consisting ep*-bonded dia-

‘ mond grains and randomly oriented thin pancake-shaped
graphitic inclusions. Thus, the off-diagonal elastic constant
can be an important characteristic g-bonded region.
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