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Analysis of residual stress in diamond films by x-ray diffraction
and micro-Raman spectroscopy

N. G. Ferreira, E. Abramof, N. F. Leite, E. J. Corat, and V. J. Trava-Airoldi
Instituto Nacional de Pesquisas Espaciais, CP 515, 12201-9808sedos Campos, SP, Brazil

(Received 6 July 2001; accepted for publication 6 November 001

We investigate the residual stress in diamond films growf081) silicon substrates as a function

of film thickness. The diamond films were deposited at 1070 K by the conventional hot filament
technique using a gas mixture of methah&% vo) and hydrogeri99.0% vo). The film thickness,
obtained from cross section scanning electron micrographs, varied from 3.Quim 423 the growth

time increased from 1 to 10 h. These images evidenced that the columnar growth is already
established for films thicker than 1@m. Top view micrographs revealed predominantly faceted
pyramidal grains for the films at all growth stages. The grain size, obtained from these images, was
found to vary linearly with film thickness. Using a high resolution x-ray diffractometer, the residual
stress was determined by measuring, for each samplé38igdiamond Bragg diffraction peak for

¥ values ranging from-60° to +60°, and applying the sty method. For the micro-Raman
spectroscopy, we used the summation method, which consists in recording and adding a large
number of spectra in different places of a selected area of the sample. All Raman spectra were fitted
with Lorentzian lines to separate the contribution of the pure diamond and the other nondiamond
(graphite phases. This spectral analysis performed in each sample allowed the determination of the
residual stress, from the diamond Raman peak shifts, and also the diamond purity, which increases
from 70% to 90% as the thickness goes from 3 toudl. The type and magnitude of the residual
stress obtained from x-ray and micro-Raman measurements agreed well for films thicker than 10
pm. For films thinner than this value, an opposite behavior between both results was observed. We
attributed this discrepancy to the domain size characteristic of each techniquZD0ZAmerican
Institute of Physics.[DOI: 10.1063/1.1431431

I. INTRODUCTION guantitative evaluation associated with the domain size
effect observed by the line shape and, also, multiple peaks
Diamond films obtained by different chemical vapor may appear attributed to peak splitting due to a degeneracy
deposition(CVD) techniques have demonstrated interestingof the optical phonons and the presence of inhomogeneous
and peculiar properties that make them appropriate for mangicro stresses. In order to obtain the residual stress by x-ray
technological applications. CVD diamonds are used, for indiffraction, the siRy technique is usually applied. This
stance, as a coating material in different totsas-doped method allows determining the residual stress averaged over
electrodes;* or in optical windows. The physical properties a larger sample area, and due to the transparency of diamond
of the deposited films are strongly affected by the stress thab x-ray, through the whole film depth.
usually remains after growth. Stressed films tend to split un-  Many authors have studied the stress in CVD diamond
der tension and can even peel off from the substrate unddilms grown by hot-filamert=®* and microwave
compressive strain. It is then desirable to understand the orplasma®*® The results generally show that the global in-
gin and nature of the residual stresses in the CVD diamonttinsic stress depends on the methane fraction, deposition
films. Generally, the residual stress in these films is dividedemperatur® and crystallographic orientatidfi. However,
in two components. One is the thermal stress, which appeathe understanding of residual stress formation in such films is
when the sample is cooled from growth down to room tem-incomplete and seems to be in a significant disagreement
perature, caused by the difference between the thermal esmong various researchers as to the type and magnitude of
pansion coefficients of film and substrate. Another is the inthe stress, even for similar deposition conditions. This diver-
trinsic stress, which is built up during film growth, and is gence may be attributed to the stress measurement tech-
associated to the nondiamond material at the grain boundiiques, which generally have intrinsic limitations that should
aries and to many structural defects, like impurities, microbe considered.
twins, dislocations, etc. In this paper, we investigate the residual stress in dia-
The most common methods to determine the residuamond films grown on(002) silicon substrates as function of
stress in diamond films are the substrate curvaturdim thickness. For this purpose, a series of CVD diamond
techniqué, x-ray diffractior/® and Ramar.Particularly, Ra-  films with thickness varying from 3 to 4am was grown by
man spectroscopy is a simple method that evaluates the réie hot-filament technique. A methane fraction of 1.0% was
sidual stress through the diamond Raman peak shifts. Howehosen and great care was taken to maintain the growth pa-
ever, when micro-Raman is used, it may present a difficultameters constant and reproducible for all depositions. The
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FIG. 1. Top view scanning electron micrographs, in the
same magnification, for four diamond films grown dur-
ing (@ 1, (b) 3, (c) 6.5 and(d) 10 h. The cross section
images revealed film thickness of 3.0, 8.7, 21 and 42
um, respectively. The surface morphology of all films
exhibited predominantly faceted pyramidal grains.

6um|—-|

only parameter that was varied was the growth time to obtaimf methang(1.0% vo) and hydrogen(99.0% vo). The total
the different film thickness. flow rate was 100 sccm and the pressure inside the reactor
Scanning electron microscopy was performed to characwas kept at 6.8 10° Pa. Substrates were cut from a single
terize structurally the grown films. Cross section micro-(001) typen silicon wafer(1 A cm, 0.5 mm thick, which
graphs were used to determine the film thickness and also was pre-treated by a seeding pro¢ésssing an ultrasonic
analyze the process of growth at the different stages. Thedmath of 0.25um diamond powder dispersed in hexane me-
images evidenced that, for films thicker than 4fn, the  dium. The samples were grown at a temperature of 1070 K,
columnar growth is completely established. Top view micro-measured by a thermocouple fixed at the bottom of the sub-
graphs revealed predominantly faceted pyramidal grains fostrate, with growth duration times varying from 1 to 10 h. In
the films at all growth stages. The grain size, obtained fronorder to keep all conditions unchanged from deposition to
these images, was found to vary linearly with film thickness.deposition, one filament was used for each deposition, and a
The total stress was determined by using two nondespecial care was taken to maintain its form. The filament was
structive techniques, namely, x-ray diffraction and micro-placed at a distance of 5 mm to the substrate, and its tem-
Raman spectroscopy. Using a high resolution x-ray diffracperature was 2470 K. The filaments were made of tungsten
tometer,®/20 scans of thé331) diamond Bragg diffraction wire (diameter0.25 m) with six coils 25 mm long. All of
peak of all samples were measured fbrvalues ranging them were carbonized in a mixture of 1.0% £id H, with
from —60° to +60°, and the sifhyy method was applied. To great care to avoid filament deformation. Deformed filaments
get more reliable information from the micro-Raman spec-were discarded. The films were characterized by scanning
troscopy, we used the summation method, which consists ialectron microscopy, x-ray diffraction and Raman spectros-
recording and adding a large number of spectra in differentopy. The experimental conditions and the main results are
places of a selected area of the sample. All Raman spectdescribed below.
were fitted with Lorentzian lines to separate the contribution
of the pure diamond and the other nondiamdgdaphite
phases. This spectral analysis performed in each sample a{
lowed the determination of the residual stress; from the diaA. Scanning electron microscopy
mond Raman peak shifts, and also the diamond purity as a
function of film thickness. We tried also to correlate the re-
sidual stress values with the diamond line broadening for th
films with the different thickness.

|[ EXPERIMENTAL AND RESULTS

The evaluation and interpretation of the stress data have
strong dependence on the film characteristics. In order to
‘iahvestigate the morphology and texture, and to determine

The t nd maanitude of the residual str btain @ome important structural parameters, scanning electron mi-
€ ype and magnitude of Ine residual stress obtaine roscopy(SEM) was performed using the microscopy Sys-
from x-ray and micro-Raman measurements agreed well fo

fem LEO 440. Top vi d tion mi h
films thicker than 10um. For films thinner than this value, em Op VIew and cross section micrographs were

) : taken from all grown diamond films.
an opposite behavior between both results was observed. V\/% 9

) - L .. Figure 1 shows top view images, with the same magni-
attributed this discrepancy to the domain size characterlstlﬁCation of four CVD diamond films grown during 1.0, 3.0
of each technique. ’ -0, 3.0,

6.5 and 10 h. The surface morphology showed predomi-
nantly faceted pyramidal grains characteristic of tthél)
textured growth. The grain size of each film was obtained by
Diamond films were deposited on silicon substrates bydrawing the grains as small circles on the top view images.
the conventional hot-filament technique using a gas mixtur& he average grain size was considered to be the mean value

Il. SAMPLE PREPARATION
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¥ e .v / ’ > = FIG. 3. Grain size, obtained from the analysis of the top view micrographs,

as a function of film thickness. A linear behavior is observed.

MRD diffractometer with the Cu x-ray tube in the point fo-

cus, a crossed slit collimat@ds.0 mm in the horizontal slit,

and 1 mm in the axial on€or the incident beam, and a 1

mm receiving slit before the detector.

FIG. 2. Cross section scanning electron micrographs of two diamond films ~ In order to obtain the total residual stresg,, of the

;/_vithl (a%r?-of?nd(b) 21 ngf,f CorrespondLng to FigSf_-(a) and _JI(IC)Y respec-  CVD deposited diamond as a function of the film thickness,

D e vt e e i v (1@ i method? was used. This technigue consiss in

columnar growth is evidenced. measuring the lattice spacirtjof a specific bkl) plane at
different tilt anglesy (inclined exposure Using these val-

ues, the residual stress can be obtained through the relation:

of the circle diameter distribution in a representative sample dy—dy 1+v
area of around 60@am?. I ?amm,sin2 0, 1)

The film thickness was obtained from the cross section 0
micrographs, and was found to vary from 3.0 to 4&h as  whereE andv are the Young’s modulus and Poisson’s ratio
the growth time increases from 1.0 to 10 h. Figuré® 2nd  of the film, respectivelyd, is the lattice spacing at eaah
2(b) show, as an example, the cross section of the samplemndd, is thed value fory=0° (perpendicular exposure
grown during 1.0 and 6.5 h, respectively. The growth evolu-  In this work, we choose the31) lattice plane to deter-
tion can be analyzed from these images. In Fig),2ve do  mine the residual stress in the diamond films. The lattice
not observe the definitive columnar growth, yet the film isplanes with higher Miller indiceshkl) are normally more
basically formed and needs just to grow in thickness andensitive to the residual stress in the film, due to both the
laterally to fill the voids left behind. The film presents al- steep incidence of x-ray beaiigh 20 angles and the
ready faceted polycrystalline grains of approximately 1-2small d-values(higher relative variation Besides that, the
um in size. As the growth proceeds, the voids are filled andhape and intensity of the x-ray curves are expected not to
the coalescence of the film is completed until a stage ohave a significant change with the increase of the tilt agigle
columnar growth is established. The columnar growth is  The ®/20 scans were measured around (B81) Bragg
clearly seen in Fig. @), after 6.5 h of growth. This type of diffraction peak (B ~140.6°) at tilt angles) between— 60
columnar growth, normally considered as a steady state, peand +60° for all samples. As an example, Fig. 4 shows the
sists. Morell and co-worket§studied recently the evolution (331) scans for diamond film grown during 6.5 h at thrge
of the film microstructure byn situ ellipsometry. They have values(0°, +60°, and—60°). Note that each spectrum has
observed a behavior similar to the one described here. Figut&vo peaks, which are the contribution from tler; andK a»
3 shows the average grain size as a function of film thickdines. By fitting the(331) x-ray curves with a double Gauss-
ness, where a linear dependence is clearly observed. ian, the central peak position belonging to e, line were
obtained for allys values. The lattice spacind, was then
calculated and plotted as a function of the?ginas shown in
Fig. 5 for the same sample specified above, evidencing the

X-ray diffraction is an important, attractive and nonde- negative and positivéy values. The linear behavior observed
structive measurement technique that allows evaluating aimdicates a homogeneous stress in the film. This fact, to-
average stress in a larger sample area when compared gether with the small difference ih values obtained for the
micro-Raman spectroscopy. In addition, the high penetratiopositive and corresponding negatiye reinforces the appli-
depth (~600um) of the x-ray beam in diamond allows cability of the sirf ¥ method to these diamond films. From
probing the film throughout its whole depth. The x-ray dif- the slope of the curve in Fig. 5, the total residual stress is
fraction measurements were performed in the Philips X’pertobtained using Eq(1) with the CVD diamond values of

12ym ——oH

B. X-ray diffraction—sin 2 ¢ method
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FIG. 4. ©/20 scans of thg331) diamond Bragg peak at three differeft

values for a 24um thick diamond film. A Gaussian fit was used to decon- FIG. 6. Total residual stressy,, and the intrinsic componeftiyinsic 8s a
volute the Cia; peak. function of film thickness for our diamond films.

1250 GPa foiE and 0.07 for®. The negative slope in this thickness of 42um. Observe that the intrinsic stress, ob-

plot indicated that the residual stress in the film is comprest@inéd from these data, is always tensile. The error bars in
this graph were evaluated from the standard deviation to the

sive. . T .
linear regression in the i plot (Fig. 5).

During the cooling from growth temperatur@g) to
room temperaturéT ,,,p), @ thermal stress is built-up due to
the difference in the thermal expansion coefficierietween C. Raman spectroscopy
the diamond film and the Si substrate. In order to obtain the . . . .
intrinsic stress, the thermal stress has to be subtracted from The S.’h'ft of stressed dlamo_rr%d Raman line relative to the
the total stress. The thermal stress can be calculated using t gtural d_|amond line at 1332 cm has bee_n used by many
following relation® authors_ in or(Eer to calc_u.late the total residual stre.ss in dia-

mond films?°=%? In addition to the stress evaluation, the
amb analysis of the Raman spectra gives lot information about the

T thermar™ ng E/(1=-v)[ adamond T) ~es(TAT. (2 g properties, especially concerning the film purity.

. Using a Renishaw microscopic system 2000, micro-
where «(T) is the temperature dependence of the thermakaman spectra were recorded in backscattering configuration
expansion coefficient of silicon and d|e}m0?ﬁ’cE andvhave 4 room temperature employing the argon—ion laser excita-
the same meaning as in equatid). Using the value of the 5 |ine (514.5 nm. The laser beam was focused on the
biaxial Young's modulusE/(1-v), of 1345 GPd, a con- sample using two objectives with different magnifications
stant and compressive thermal stregg=—0.52 GPa was (20x and 50<), leading to two different spot sizes. The
found for the deposition temperature usé870 K). 20X magnification corresponds to a spot 2.0 um in

The total residual stress,.,, obtained from the sfy diameter, and the 50 to a spot of~5.0 um. The penetra-
method for all samples, is plotted in Fig. 6 as a function ofy;,, depth is estimated to be approximately 5@ in both
film thickness, together with the intrinsic stress componentgceas.
oinrinsic (Open circleg Note that the total residual stress The goal of this procedure is to compare the average
starts ten§ile at a\_/alue ef0.6 GPa, changes from tensile t0 agyits when a larger probe area is analyzed in the same
compressive for films thicker than around 1n, and re-  gyperimental conditions. Besides, a single micro-Raman
mains compressive at approximatel0.3 GPa up to a film  measurement point is not representative for the stress evalu-

ation in diamond films due to the presence of highly inho-
O mogeneous stresses. Therefore, a large number of spectra
. were recorded from a selected area and addedmation
081830 - ) . method. Five points in the sample were chosen in a central
AN area of 4.0 mrh For each point in such area, the spectra
° were scanned five times, in order to improve the statistics of
o oo ~ = . Raman data.
BN Figure 7 shows the micro-Raman spectra, obtained from
~ the focalized spot of 2.Qum, of two diamond films with
081822 e ¥>0 TN . thickness of 3.0 and 2&m (spectrum 1 and )2 that corre-
. spond to the samples of Figga2and Zb), respectively. The
oerERor = Raman spectra of all samples exhibited, in addition to the
©1 00 01 02 03 04 05 06 07 08 evident diamond peak at 1332 ¢ a broadband centered
sin’¥ at around 1560 cmt, which is attributed to disordered gra-
FIG. 5. Lattice spacing! versus sif for the 21 um diamond film. The ~ Phitic carbons. The increasing background, clearly observed
negative slope indicated a compressive residual stress. in all Raman spectra, is due to the photoluminescence of the

0.81828

T
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<
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FIG. 7. Micro-Raman spectra of two diamond films with thickness of 3.0

wm (curve 3 and 21um (curve 2. Both spectra exhibit the diamond line at  FIG. 8. Amount of diamond relative to graphitéiamond purity, obtained
1332 cm ! and a broad band centered at around 1550°crelative to the  from the quantitative analysis of the Raman spectra, as function of film

graphitic phases. thickness.

graphite phase. Note, also, that the intensity of the graphitg_g cni Y/GPa. Values even three times smaflecan be

band relative to the diamond line increases for decreasinﬂ)und in the literature. We use the value{ock DIAM [27]
film thickness. This fact can be explained by the relative, ., se of its similarity in the form to the CVD grown dia-

higher concentration of nondiamond phase material, which iﬁwond films. This value leads to the relation:
normally accumulated in spaces between the crystalline o '
grains during the initial process of growth. The Raman spec- 0= —0.345 GPa/cm’, (4)

tra measured with the spot size of 3n showed similar  \here Ay is the shift of the Raman peak of diamond films
results, presenting differences only in the line intensities. \yith respect to that of natural diamond. A positiie nega-

The relative amount of diamond in the film, also calledtive) Av corresponds to a compressi(@ tensilg stress.
diamond purity, can be obtained by a quantitative analysis of Figure 9 shows, as an example, four expanded Raman
the Raman s_pectrum. To separate the contributions of dias'pectra around the diamond peak of three samples with
mond fsmd disordered graphitic phases to the toFaI Ram%ickness of 3.Geurve 1, 12 (curve 2 and 42um (curve 3
scattering, the whole Raman spectrum were fitted withggether with a reference spectrum of natural diam@uodve
Lorent2|ar1 lines, using thg Iummgscence contribution as an). The peak shift is clearly evidenced in this graph, showing
exponentlzajlgrpwn base line. To fit the broad band centered tgngile stress for the @m film and a compressive residual
at 1550 cm*, it was necessary to take three different con-gyress for the other two spectra. The residual stress was cal-
tribution bands: the D and G peak of polycrystalline graphitecated, following this procedure, for all measured Raman
at around 1345 and 1560 cth and a low intensity band gpecira of each sample. Figure 10 presents this result as a
centered approximately at 1470 chattributed to a tetrahe- function of film thickness for the two spot sizes: 2un
drally bonded diamond precursor. The amount of diamond "Esolid squargand 5.0um (open circle. The error bar is the

the films can be calculated by a relative Raman cross sectigfean square deviation obtained from the five measurements

of diamond to graphite of 1/50 by the relatiéh: in different places of the sample. From this graph, one can
A observe that the residual stress starts compregsinaind
Cy= 100Ad/ At =5 (3)  —0.7 GPafor a 3 um thick film, decreases to approximately

whereA, andA; are the area of the fitted curves correspond-
ing to the 1332 cm* diamond peak and the graphitic bands, ' ' ’ !
respectively. This procedure was accomplished for all grown
films, and Fig. 8 shows the result as function of film thick-
ness. The relative amount of diamond increases approxi-
mately from 73% to 92% as the film thickness goes from 3 to
10 wm, remaining at the value of 90% up to 40um. This
behavior is expected since, as discussed above, the concen-
tration of graphitic materials at the grain boundaries is higher
for the thinner films, and the micro-Raman spectroscopy
probes only the first fum from the film surface. , , )
Let us now determine the residual stress from the dia- 1310 1320 1330 1340 1350 1360
mond Raman line shifts. There is a controversy in the litera- Raman shift (cm™)
ture about the dependence of the diamond Raman line shift )
on applied_pressure. Measurements on both naturd . Speed Raren recta s e demans e o, tee
diamond® and sHock DIAM,”" which consist of diamond o 4 reference natural diamoricurve 4. The peak shift is evidenced in this
crystallites with different grain sizes, lead to a linear shift of plot.

intensity (a.u.)
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FIG. 10. Total residual stress in the diamond films as a function of thickness
evaluated from the Raman peak shift in the spectra measured with the sppiG, 12. Comparison between the total residual stress obtained from x-ray
size of 2.0(solid squaresand 5.0um (open circlek No appreciable differ-  giffraction (solid squargand Raman spectroscopypen circle. The Raman
ence is found in the results obtained from the two spot sizes. data is the average result obtained with the two spot $z@sand 5.Qum).
A good agreement is found for films thicker than gth, while an opposite
behavior is observed for the thinner samples.

zero (or even to a small value of tensile stresé/hen the

film thickness reaches , returns to a compressive value . . . '
at around— 0.2 GPa anjézg]tays at this value UF:) tosd®. No displayed. As discussed above, accordance is found for films
’ ' : {R the range of 10 to 4m, and for thinner samples both

appreciable difference was found for the measurements ma & its di
with the two spot sizes. Comparing with the results obtainecfesuoS |\t/erge.d ta sh in Fia. 12 follow the trend found
from the x-ray data, an opposite behavior is found for films, ur stress data shown in Fig. oflow the trend foun

. 6-28 . . . .
thinner than 1Qum, but a good agreement between x-ray and” the literaturé?® =22 A compressive stress is dominant in the

micro-Raman analysis is observed for films in the range frorﬁearly stage of film growt_h, mainly due to the thermal stres_s.
10 to 40 um. As the film becomes thicker, the stress changes to tensile,

As can be seen in Fig. 9, the width of the Raman dig.2nd for thicker films the stress tends to saturate in a small

mond line increased with decreasing film thickness. We trie¢OMPressive or tensile value, depending on the film charac-

to correlate the stress, obtained from the line shift, with thderstics. Sl_nce our films were always thicker than 2.,
full width at half maximum (FWHM) of the Raman line. we did not investigate the stage before the coalescence of the

. - ; : jim.
F|gure 11 plots t.h|s result, anq a linear dependence s founﬁ We cannot establish here the fundamental reasons of the
in the compressive stress region. . ) ;

discrepancy found between the results obtained with the
x-ray and Raman measurements for films thinner than 10
pm, but we believe it is associated to the domain size char-
acteristic of each measurement technique. In the x-ray tech-
The comparison between the residual stress obtainengique, the x-ray beam is scattered by the crystalline part of
from the x-ray measurements and micro-Raman analysis e diamond grain, and the effect of lattice distortion is av-
plotted in Fig. 12. For the Raman data, an average betweegraged over a large sample area through the whole depth of
the results obtained with the 2.0 and Suén spot sizes is the film. In contrary, the micro-Raman spectroscopy is a lo-
cal technique that probes only the spot-size area with a pen-
etration of 5.0um from the surface. In the region where the

IV. DISCUSSION AND CONCLUSION

e—_ grain size is smaller than the Raman spot size, the relative
o2 - contribution of the grain boundarida/hich is compressive
otf . to the stress measurement is higher. As the grain size in-
00 T creases with film thickness, both results tend to converge,
5 ol %@ ] since the boundaries become less and less important.
?9; ask ] Independent of this result, micro-Raman spectroscopy is
8 o4t }@ i a powerful and sensible technique. In spite of its contribution
£ st + . arises from small sample area and penetration depth, micro-
08 . Raman measurement permits an analysis of impurities and
07T T defects, especially the ones associated to graphitic phases.
2:: T This sensitivity is very useful to obtain other important pa-
6 7 8 9 10 M 2 13 1 1B 16 T rameters of the diamond film. Our results also show that care

FWHM (cm”) must be taken when measuring micro-Raman to calculate
FIG. 11. Correlation between the full width at half maximgfRwHM) and residual stress. It is necessary to make a gOOd statistics in

the stress value obtained from the diamond Raman line for the spot size dfifferent points of sampl_e in order to obtain 'je"a_ble Value_s-
2.0 um. Another source of error in the stress evaluation is the varia-
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