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Raman spectroscopy is used to study residual stress in diamond grown on Ti—-6A1-4V by chemical va-
por deposition. A general model is developed to use Raman spectroscopy to measure biaxial stress in
polycrystalline, diamond-structure films. The as-grown film has 7.1 GPa of residual compressive stress,
consistent with the difference in thermal-expansion coefficients between the diamond film and the sub-
strate. Examination of the Raman spectra of the film in the vicinity of Brale indentations reveals that re-
sidual stresses in the film of up to approximately 17 GPa can be accommodated in the film before delam-

ination occurs.

I. INTRODUCTION

The potential of chemical vapor deposited (CVD) dia-
mond as an engineering material stems from its extreme
properties which include the highest hardness, Young’s
modulus, and room-temperature thermal conductivity of
any known material as well as a low coefficient of fric-
tion.! 3 Exploiting these attractive features in thin-film
applications requires that films can be deposited with
adequate adhesion to the substrate. In this regard, the
presence of residual stress is an important aspect of film
reliability, which has been studied in a number of thin-
film systems.* However, reliability issues which pertain
to diamond coatings remain largely unexplored.

Residual stress in brittle films on sufficiently brittle
substrates is a superposition of a thermal component due
to a thermal-expansion mismatch between the film and
substrate (during cooling from the deposition tempera-
ture) and an “intrinsic” component due to the process-
ing.’ The sign of stress may be compressive or tensile, de-
pending on the film and/or substrate materials and pro-
cessing conditions. For example, Knight and White®
have estimated CVD diamond film stresses of 5.5 GPa
(compressive) on alumina and 2.1 GPa (tensile) on TiC.
Residual film stress may result in a lower mechanical reli-
ability of the film arising from a number of failure mecha-
nisms, such as film splitting and spallation, and substrate
cracking.” A quantative measure of film stress is neces-
sary both for the understanding of these reliability issues
and for the design of useful CVD diamond materials.

The measurement of residual stress in CYD diamond
has been the focus of several previous studies employing a
number of techniques, such as thin substrate deforma-
tion,>® vibrating membrane analysis,” and Raman spec-
troscopy.®!%1! These studies have focused on CVD dia-
mond on Si (polycrystalline growth),>%%!! or ¢-BN (epi-
taxial growth).!® Previous Raman studies have either in-
terpreted the stress-induced shifts in diamond Raman fre-
quency in terms of a hydrostatic stress model® or a biaxial
stress model'®!! developed originally to study stress in
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Si(100) grown epitaxially on sapphire.!?> Neither ap-

proach is adequate to model the Raman spectra of highly
stressed polycrystalline diamond films.

We study here the Raman spectra of highly stressed,
polycrystalline, CVD diamond films and develop a model
for determining the stress state quantitatively from de-
tailed structure within the Raman spectrum. An analysis
is performed of the Raman spectra of diamond deposited
on Ti—-6Al1-4V, a common aircraft alloy with a nominal
composition of 5.5-6.75 at. % Al and 3.5-4.5% Al%*
and coupled with exploratory work on film adhesion. To
measure the adhesion of thin diamond films, a Brale in-
dentation test has been proposed!'*!* which involves
penetration of the film and substrate with a hemispherical
diamond indenter under a load of 500-1500 N. Al-
though the details of the test with respect to a measure-
ment of adhesion are discussed elsewhere,'® an elevation
of the film stress in the vicinity of the indentation allows
for a study of films under exceptionally high residual
stress.

II. EXPERIMENT

Polycrystalline diamond films (nominally 1-pum thick)
were grown on 60X20X3 mm rectangular substrates of
Ti—-6A1-4V alloy by microwave plasma CVD process-
es.!® The films are weakly (111) oriented as determined
from a comparison of x-ray-diffraction measurements in
0-20 and 20-grazing incidence geometries.’ Film
adhesion was evaluated by indenting with a hemispheri-
cal Brale C diamond indenter at various points using a
range of loads from 588-1470 N. We discuss in detail
here the Raman spectra in the vicinity of two indenta-
tions produced by a 588-N load and a 980-N load (Figs. 1
and 2). Delaminated and adherent areas can be seen in
Fig. 1; in Fig. 2, the film is completely delaminated in the
region around the indentation.

Raman measurements were performed with the 488-
nm line of an Ar-ion laser focused onto the film with a
65-mm achromat. The laser light was incident at 65°
from surface normal; scattered light was collected by an
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f/1 50-mm camera lens normal to the surface. The laser
spot size was 10 um and the sample could be moved in
one dimension with a translation stage equipped with a
dc motor and encoder with an accuracy of better than 1

pm.

III. RESULTS

The Raman spectrum of the film far away from the in-
dentations (‘““as-grown” film) is shown in Fig. 3. The
broad peak at ca. 1530 cm ™! seen in the inset is attribut-
ed to a small amount of sp2-bonded carbon (which has a
Raman cross section ca. 50X that of diamond). The
feature at ca. 1350 cm ™! is two peaks centered at 1352
and 1338 cm~!. As discussed below, the peaks are attri-
buted to the zone-center phonon of diamond (triply de-
generate in unstressed diamond) which has been shifted
from its normal position at 1332 cm ™! and split into two
components (doublet at higher frequency and a singlet at
lower frequency, cf. below) by the large compressive in-
plane stress present in the film.

(a)

(b)

Scan | (8r)

radius, r

N

-

Scan |l (6r)

FIG. 1. Optical micrograph (a) of indented CVD diamond
film on Ti-6Al1-4V at 588 N (indentation radius, » =222 pum)
and (b) directions of Raman measurements (scans I and II).
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Raman spectra were collected as a function of position
x away from the indentation center in the vicinity of both
indentations as shown in Figs. 1 and 2. As indicated in
Fig. 1 for the 588-N indentation, one data series was tak-
en across a delaminated region (I) and one data series was
taken across an adherent region (II). Representative
spectra from scan II are shown in Fig. 4. Figure 4(a)
shows the Raman spectrum of unstressed material (single
Raman peak at 1332 cm™!) obtained at the indent edge
x /r =1 where r is the indentation radius. Identical spec-
tra were obtained from delaminated material in scans I
and III. Figure 4(c) shows the Raman spectrum from a
point 1000 pm (x /r=5.5) from the 588-N indentation;
the spectrum has peaks at 1352 and 1338 cm ™! and is
essentially identical to that of the as-grown film shown in
Fig. 3. Figure 4(b) shows the Raman spectrum a point
close to the 588-N indentation (x /r =2); the spectrum is
different than that of the as-grown film [Figs. 3 and 4(c)]
with peaks at 1376 and 1348 cm ™!, indicating that the
film has an additional residual stress component due to
the indentation.

(a)

(b)

Scan il (5r)

radius, r

FIG. 2. Optical micrograph (a) of indented CVD diamond
film on Ti-6Al1-4V at 980 N (indentation radius, » =290 um)
and (b) direction of Raman measurements (scan III).
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FIG. 3. Raman spectrum of CVD diamond grown on
Ti—-6Al1-4V (as-grown film, no indentation) at 3 cm™' and
parallel polarization. The inset shows a lower resolution spec-
trum (6 cm™!) with a broad feature at ca. 1500 cm ™! which is
attributed to a small amount of amorphous carbon. The ver-
tical lines indicate the Raman frequency of stress-free diamond,
1332 cm ™.

IV. DISCUSSION

Examination of spectra obtained in areas of high resid-
ual stress near the indentation indicates that there may be
three or more identifiable spectral components whose fre-
quencies vary with distance from the indentation. For
simplicity, and to provide an estimate of the magnitude
of the residual stress field surrounding the indents, only
the Raman frequency of the highest-frequency com-
ponent is graphed as a function of position in Figs. 5 and
6. Nevertheless, a few simple observations can be made:
(1) delaminated material is stress free with Raman fre-
quency of 1332 cm™!; (2) for x /r >ca. 5.5, the Raman
spectrum is that of the as-grown film; and (3) a region of
elevated stress is found at 1.5 <x/r <2.5. The elevated
residual stress appears to have caused film delamination
in scan I between x /r =0.8 and 2.0 (with a small region
of adhering film at x /r=1.2) and in scan III between
x/r=1 and 2.5 and at x /r =2.8. The indentation stress
appears to have taken up in the film in scan II, leading to
a very high observed Raman frequency, 1376 cm™ L, at
x/r=2.
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where A=02— w3, simplified as A~ 2wy Q—w,) for small
shifts, and x, y, and z are the crystallographic axes [100],
[010], and [001], respectively. The shifted and unshifted
Raman frequencies, ) and w,, are in angular units. The
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FIG. 4. Raman spectra in the vicinity of the indentation
shown in Fig. 1, scan II: (a) x /r=1 (at indent edge), zero resid-
ual stress; (b) x /r=2—the splitting of the doublet peak indi-
cates a highly stressed state; (c) x /r=5.5, doublet and singlet
peak observed, 7.1-GPa biaxial residual compressive stress,
same as in as-grown film. The vertical line indicates the Raman
frequency of unstressed diamond, 1332 cm™!.

Raman spectroscopy has been used to measure stress
quantitatively in thin films of diamond and zinc-blende-
structure films used in prototype electronic devices!” 2!
and in strained-layer superlattices.?> The basis for the
previous work has been the measurement of the Raman
spectrum of diamond and zinc-blende-structure materials
under uniaxial?* and hydrostatic stress conditions,?
which can be used to determine the “phonon deformation
potentials,” and which relate the shift and splitting of the
zone-center optical phonons to strains along crystallo-
graphic axes. The phonon deformation potentials can be
used to predict the Raman spectrum for a given strain
and crystallographic orientation. The converse problem
of calculating the strain and stress tensors is more
difficult for unknown stress directions, as discussed
below.

The Raman spectrum is analyzed here by developing
the theory of the shift and splitting of three degenerate
(at zero stress) components of the zone-center optical
phonon in a cubic material. Consideration of the dynam-
ical equations under small strains yields the following
secular equation whose solution determines the shift of
the Raman phonons:22°

Xz

2re =0, (1)

yz

PE, tale,, +eyy)—}»

[

phonon deformation potentials p, g, and r are related to
changes in spring constants with applied strain’* and
have been measured for many cubic materials,?? includ-
ing diamond.?®
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Analytical solutions to Eq. (1) are available for uniaxial
stress along (100) and (111) axes®* and for biaxial
strain in {100} planes.'? The general method for obtain-
ing the shifts for an arbitrary stress state is outlined here
with particular emphasis on the biaxial (in-plane) stress
expected for diamond growth. The method involves ex-
pressing the stress tensor referenced to a convenient set
of axes, rotating to a stress tensor referenced to x, y, and
z, calculating the strains g; (i,j=x,y,z), and solving Eq.
(1) for the phonon frequencies. Calculations of the biaxi-
al stress in the (111) plane are given in the Appendix.
For diamond, biaxial compressive stress in either {100}
or {111} planes splits the Raman phonon into a singlet
and a doublet (wave vector perpendicular and parallel to
stress plane, respectively); the doublet is at higher fre-
quency in diamond. Biaxial stresses along other axes
splits the triple degeneracy completely.

Relating the observed Raman spectrum to the residual
stress state is more complicated than in previous studies
of strain in epitaxial layers, because in the present case
neither the stress nor the crystal orientation are known a
priori, particularly in the immediate vicinity of the inden-
tations. Nevertheless, quantitative results can be ob-
tained when x >>r, where x is the distance from the in-
dentation center and r is the indentation radius, by mak-
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FIG. 5. Raman frequency of the highest-frequency spectral
component (see text) vs position x (in units of indentation ra-
dius) for the 588-N indentation (scans I and II).
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FIG. 6. Raman frequency of the highest-frequency spectral
component (see text) vs position x (in units of indentation ra-
dius) for the 980-N indentation (scan III).

ing a few reasonable assumptions: (1) that the stress is
primarily biaxial and in the plane of the film, and (2) that
the polycrystalline nature of the film allows both doublet
and singlet Raman modes to be observed in backscatter-
ing from most crystal orientations. In a single crystal,
only the singlet can be observed in backscattering from
{100}, while both the singlet (parallel polarization) and
doublet (perpendicular polarization) are observed in
backscattering from {100} and {112}.?* The polarized
Raman spectra of the as-grown film (Fig. 7) show an in-
crease in intensity of the higher frequency peak in per-
pendicular polarization. This observation supports as-
signment of this peak to the doublet modes of grains of
various orientations.

Using the diamond phonon deformation potentials and
compliance constants in Table I and Egs. (A4) and (A5),
the biaxial stresses corresponding to singlet and doublet
phonon frequencies are the following:
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FIG. 7. Polarized Raman spectra from as-grown film. The
spectrum has been normalized and offset for clarity.



TABLE 1. Parameters used in the stress calculation.
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Strain parameters (X 10728 s72)

4 —17.2 Ref. 26
q —11.2
r —12.0

Compliance constants (X107 '* dyncm™2)

s1 9.524 Ref. 27
St —0.9913
S44 17.36

7=—0.610 GPa/cm™ (v, —v;)
for the (100) singlet , (2a)

7=—0.422 GPa/cm™ (v, —v,)
' for the (100) doublet ,  (2b)

7=—1.49 GPa/cm ™ (v, —w,)

for the (111) singlet , (2¢)

7=—0.350 GPa/cm (v, —v,)
for the (111) doublet , (2d)

where v, the observed maxima in the spectrum, are in
wave-number units, and v,=1332 cm~!. Values for biax-
ial stress in (110) and (112) planes are obtained by follow-
ing the procedure in the Appendix and solving Eq. (1) nu-
merically,

7=—1.11 GPa/cm™ (v, —v,)
for the (110) singlet , (3a)
7=—0.444 GPa/cm™ (v, —v,)
for the (110) doublet , (3b)
7=—1.11 GPa/cm ™ (v, —v,)
for the (112) singlet ,  (3c)
7=—0.357 GPa/cm™ (v, —v,)
for the (112) doublet ,  (3d)

where the split doublet values have been averaged. Using
the average of the above singlet and doublet values [ex-
cluding the (100) doublet value since Raman scattering
from the phonon is forbidden in backscattering] yields
the following equations for biaxial stress in a polycrystal-
line diamond film:

7=—1.08 GPa/cm ™ (v, —v,)
for the singlet phonon , (4a)
7=—0.384 GPa/cm™ (v, —v,)
for the doublet phonon .  (4b)

Equation (4) yields reasonably consistent in-plane stress
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values of 6.5 and 7.7 GPa from the maxima of the singlet
(1338 cm ') and the doublet (1352 cm ™ !) observed in the
Raman spectrum of the as-grown material.

Stick spectra calculated using Egs. (2) and (3) and the
average of the above values, 7.1 GPa, are shown in Fig. 8.
The stick spectra correspond well to the observed Raman
spectrum of the as-grown film (also shown in Fig. 8), indi-
cating that the observations are modeled well by the
present biaxial stress model. The observed spectrum
would not be fit well by using only the values for (100)
in-plane stress, i.e., if the approach of Ref. 12 were used
to interpret the present data.

Thermal stress can be readily estimated by

E T
O thermal — m fzo"c(af_as T ’ (5)

where E is Young’s modulus of diamond, 1/s; or 1050
GPa, a; and a; are the thermal-expansion coefficients of
the film and substrate [9.5X 10~ %/K for Ti—6A1-4V and
0.8X107%/K for diamond at room temperature]; v
(=0.07) is the Poisson ratio of the film, and T, 900°C, is
the growth temperature. Equation (5) predicts a
compressive film stress of 6.8 GPa, which is in excellent
agreement with the measured value. Therefore, the very
large measured stress in the film is consistent with the
thermal-expansion mismatch of the diamond film and the
substrate.

The data in Figs. 5 and 6 show that the stress state of
the film is changed close to the indentations. In addition,
there is evidence that the stress state near the indentation
is not biaxial. We tentatively assign the two peaks of ap-
proximately equal intensity in Fig. 4(b) to a split doublet
peak, the lower-frequency component of which overlaps
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FIG. 8. Calculated stick spectra for 7.1-GPa biaxial stress in
the four indicated crystallographic planes (bottom) and ob-
served as-grown Raman spectrum (top). The solid bars
represent the doublet frequencies and the hatched bars
represent the singlet frequencies.
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the singlet peak. Analysis of the spectrum, perhaps in
crystallographically oriented films, may be able to resolve
the hoop and radial components of the stress field expect-
ed in the vicinity of the indentation. As a very crude ap-
proximation, using Eq. (4b), it is possible to estimate the
maximum stress (assuming that it is still biaxial) at the
point of maximum residual stress, x/r =2 in scan II.
The observed peak position of 1376 cm ™! of the high-
frequency peak corresponds to 17 GPa of residual stress.
Elevation of the residual stress in the vicinity of the in-
dentation is consistent with the additional (residual) load
provided by the plastically deformed substrate.'®

V. CONCLUSIONS

Promising initial results on the quantitative measure-
ment of residual stress with Raman spectroscopy are
presented. The method presented here will enable a more
critical examination of the effects of residual stress on
film adhesion in polycrystalline, diamond-structure ma-
terials. The large residual in-plane stress, 7.1 GPa, ob-
served in polycrystalline diamond on Ti—-6Al1-4V is attri-
buted to thermal-expansion mismatch. The magnitude of
the residual stress is larger than previously reported
values on other substrates. Examination of the Raman
spectra of the film in the vicinity of Brale indentations re-
veals that residual stresses in the film of up to approxi-
mately 17 GPa can be accommodated in the film before
delamination occurs. This suggests very strong interface
bonding, possibly due to the formation of carbides in the
interface region. The origins of the strong interface
bonding will be explored in future work.
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APPENDIX

The analytical calculation of the shift of the Raman
phonons of a cubic material under {111 )-plane stress is
presented. We begin by defining a second set of axes, x”’,
y", and z"" which are parallel to [112], [110], and [111],
respectively, by using the notation of Ref. 24. A biaxial,
in-plane stress, 7 in the [111] plane referred to these axes
is expressed as!?

100
c"=7|0 10 (A1)
00O

Rotating to x,y,z basis yields the stress tensor

W

I
W= W W=

W= W=

(A2)

Q
{
3
|

-

|

ol Lol
l

Wt

and calculating the strains using Hooke’s law, ¢; =87

where (i,j=1,2,...,6) (see Ref. 29 for an explanation of
the single subscript notation), yields
(A3a)

(A3b)

— —_2
SEp =28 25507,
Exx =€y, TE,, = —1/6547 .

Solution of the secular equation (1) with these strains
yields:

T

Q,=w,+ 20, [2(p+2g)(s;, +51,)—2/3rs4,], (Ada)

Qy=wy+ 2;0[%(p+2q)(s“+s,2)+1/3rs44] . (Adb)

A similar analysis for biaxial stress in (001) yields'?
Qs=m0+2L%[2psu+2q(s,,+3s12)] , (A5a)
Qd=w0+—2;—0[2ps12+2q(s“+s12)] ) (A5b)

*Also at Crystallume, 125 Constitution Ave., Menlo Park, CA
94025.
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FIG. 1. Optical micrograph (a) of indented CVD diamond
film on Ti-6Al-4V at 588 N (indentation radius, r =222 pm)
and (b) directions of Raman measurements (scans I and II).
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FIG. 2. Optical micrograph (a) of indented CVD diamond
film on Ti-6Al-4V at 980 N (indentation radius, r =290 um)
and (b) direction of Raman measurements (scan III).



