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The internal stress and strain in boron-doped diamond films grown by microwave plasma chemical
vapor deposition~MWCVD! and hot filament CVD~HFCVD! were studied as a function of boron
concentration. The total stress~thermal1intrinsic! was tensile, and the stress and strain increased
with boron concentration. The stress and the strain measured in HFCVD samples were greater than
those of MWCVD samples at the same boron concentration. The intrinsic tensile stress, 0.84 GPa,
calculated by the grain boundary relaxation model, was in good agreement with the experimental
value when the boron concentration in the films was below 0.3 at.%. At boron concentrations above
0.3 at.%, the tensile stress was mainly caused by high defect density, and induced by a
node-blocked sliding effect at the grain boundary. ©1996 American Institute of Physics.
@S0021-8979~96!10915-4#
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I. INTRODUCTION

The internal stress in diamond thin films, as in ma
other thin film materials,1–6 accumulated either during or a
ter deposition, has a significant effect on their physical pr
erties. The films with tensile stress will tend to split a
spall, and compressive films can be peeled off from the s
strate and delaminate. These stress states will result in a
terioration of the mechanical properties of the films if t
strain energy in the film is greater than the interfacial ene
between it and the substrate.

To design useful chemical vapor deposition~CVD! dia-
mond materials and understand its reliability issues, the
ternal stress in the diamond films has been a subject of
panding interest and investigation in recent years.7–11 For
example, Knight and White12 reported diamond film stresse
of 5.5 GPa~compressive! on alumina and 2.1 GPa~tensile!
on WC. Windischmannet al.13 studied the stress in the dia
mond films produced by MWCVD, and found that intern
stress is highly sensitive to the deposition conditions; ten
or compressive total stresses can be achieved dependin
the methane fraction and deposition temperature. W
et al.14 elucidated the relationship between internal str
and grain size formed by dc plasma CVD. Sailset al.15 re-
ported stress in̂100&, ^110&, and ^111& oriented diamond
films using Raman spectroscopy. Chiouet al.16 determined
the internal stress of CVD diamond films by the bendi
beam technique and from the width of the x-ray diffracti
peak. Their results indicate that the compressive stress ca
partly released by improving the diamond crystallinity of t
films, for example, by the addition of argon at higher co
centration of CH4/H2. As mentioned above, these studies a
mainly focused on undoped CVD diamond films on Si~poly-
crystalline growth! or c-BN ~epitaxial growth!. These inter-
nal stresses depend mainly on the nondiamond carbon ph
and the hydrogen incorporated in the films under vario
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deposition conditions, and thus predominantly exhibit a com
pressive component.

High stress in doped diamond films can cause stre
induced transport phenomena in semiconductor devices.
date, no stress measurements in doped diamond films h
been reported. In this work, we have studied the intern
stress and strain in boron-doped polycrystalline diamo
films grown on Si~111! by both hot filament CVD~HFCVD!
and microwave plasma CVD~MWCVD! using Raman spec-
troscopy. The experiments were performed at room tempe
ture on films with different boron concentrations. The origi
of the measured stress is also discussed in this article.

II. EXPERIMENT

The diamond films used in this study were prepared b
HFCVD and MWCVD. The reaction gases were a mixture o
CH4 and H2. The boron source was trimethylboron B~CH3!3
~TMB! diluted in helium at 0.5 vol %. The diamond films
were deposited onto polishedp1 silicon substrates, which
had been scratched with 1mm diamond powder and cleaned
in a methanol ultrasonic bath. In the hot filament system
reaction gases were activated by a folded tungsten filam
with a diameter of 1 mm and 150 mm long. The filament wa
heated to 2000 °C in a methane atmosphere until its full c
burization. The substrates were placed on a graphite hold
2 cm from the filament. In a tubular microwave reactor, th
gases were activated in a 600 W microwave plasma, and
substrates were placed in a graphite holder at the cente
the waveguide. In both deposition processes, the total g
pressure was fixed at 4500 Pa, the substrate temperatur
920 °C, and the CH4 concentration~in H2! at 1%. The TMB–
helium volume ratio in the reaction gas was in the rang
from 0% to 4.5%.17

The quality of the films was characterized by Rama
spectroscopy, electron microscopy, scanning electron m
croscopy ~SEM! and transmission electron microscop
~TEM!# and x-ray diffraction~XRD!. The boron content and
its distribution in the films were measured by wavelengt
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dispersive electron probe x-ray microanalysis and second
ion mass spectrometry.18

Raman spectra were measured at room temperature
514.5 nm of an argon ion laser focused onto the films with
objective lens of 0.8 aperture. The laser spot size on the fi
was about 1mm. The laser light was incident normal to th
surface, and scattered light was collected in 180 ° scatte
geometry. Most measurements were made at 1 cm21 resolu-
tion, but some were made with 0.5 cm21 resolution. The
sample could be moved in two dimensions with a translat
stage.

III. RESULTS

Raman spectroscopy is used to analyze internal stres
boron-doped diamond films. Raman spectroscopy can
vide a qualitative account of the components of a diamo
film and gives an indication of the inherent stress and cr
tallinity. The optical–phonon band of diamond at 1332 cm21

is very sensitive to applied stress. Raman shifts aroun
cm21 caused by a stress of 1 GPa~Ref. 19! have been re-
ported. The Raman diamond peak shifts to higher and lo
frequency under compressive and tensile stresses, res
tively.20 Earlier stress investigations of diamond films usi
Raman spectroscopy were based on a biaxial stress m
developed originally to study the stress in Si~100! grown
epitaxially on sapphire.10,14 Recently, Ager IIIet al.21 pro-
posed a quantitative measurement of residual biaxial st
by Raman spectroscopy in polycrystalline diamond films.
assuming the presence of biaxial stresses, the degree of s
can be estimated from the following equation for the sing
phonon:21

s521.08 GPa/cm21Dn, ~1!

whereDn is the shift of the Raman peak of diamond film
with respect to that of natural diamond. The minus and p
signs are assigned to compressive and tensile stresses
spectively. The strain of the diamond films can also be c
culated from the relation,e5(S111S12)s, whereS11 andS12
are the diamond elastic compliance constants, andS11
59.524310214 cm2/dyn,S12520.9913310214 cm2/dyn, re-
spectively.

The Raman spectra of a series of films with various b
ron concentrations are shown in Fig. 1. Figures 1~a! and 1~b!
represent HFCVD samples and MWCVD samples, resp
tively. For boron contents up to 0.3 at.%, Raman spec
revealed that the films were mainly diamond crystals, as e
denced by the sharp 1332 cm21 peak. In addition, a broad
band appeared centered at around 1550 cm21, which was
attributed to disordered graphic phases. To determine
contributions of diamond and disordered graphitic phase
the total Raman scattered light, Raman spectra were
convoluted using Gaussian curves, whose position, width
half-maximum, and amplitude were variable paramete
Three different contributions were needed to fit the bro
1550 cm21 band: the D and G peak of polycrystalline grap
ite at around 1345 and 1560 cm21, and a low intensity band
centered approximately at 1470 cm21 attributed to a tetrahe-
drally bonded diamond precursor.22 The amount of diamond
J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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in the films can be calculated by a relative Raman cro
section of diamond to graphite of 1/50~Ref. 23! as follows:

Cd5100Ad YSAd1
(Ai

50 D , ~2!

whereAd andAi are the area of the fitted curves correspon
ing to the 1332 cm21 diamond peak and the graphitic band
respectively. Figure 2 shows the relative amount of diamo
as a function of boron content. In MWCVD films, the
amount of diamond increased from 75% in the undop
sample to 98% in the doped sample with boron of 0.3 at.
but in HFCVD samples the improvement was slight becau
the undoped sample already had a diamond phase of 90

The changes of Raman spectra were similar for both s
of samples when boron contents were higher than 0.3 at.
The diamond peak broadened and shifted to lower wa
numbers and its relative intensity also decreased. Moreov
a broad band appeared centered at 1200 cm21 attributed to
nanocrystalline diamond24 and increased with increasing bo
ron concentration.

Figure 3 shows the dependence of the measured to
stress~thermal1intrinsic! on the boron concentration in the
films from 0.1 to 2.1 at.%. Figures 3~a! and 3~b! illustrate

FIG. 1. Raman spectra of a series of diamond films obtained by~a! HFCVD
and ~b! MWCVD, with different boron concentration.

FIG. 2. The relative amount of diamond as a function of boron content:~a!
HFCVD; ~b! MWCVD. The lines are a guide for the eye.
1847Wang et al.
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HFCVD and MWCVD samples. The uncertainty in the stre
measurement is about610%. The total stress in both sets
samples was tensile with a maximum of 18 GPa at bo
concentration of 1.6 at.% for the HFCVD sample, and
creased with boron concentration. Over the boron dop
range studied, the films were verified to be diamond by x-
diffraction, electron diffraction, and Raman spectrosco
For the undoped sample grown by MWCVD, the stress w
compressive, but in the HFCVD sample it was tensile,
both were much lower than in doped samples. The ten
stress increased drastically at boron concentrations abov
at.%, and the stress in HFCVD samples was always gre
than that in MWCVD samples.

In heavily boron-doped diamond films obtained
CVD, an impurity band is formed and a metalliclike condu
tivity is observed. In addition, at very high doping levels, t
Fano interaction occurs owing to quantum mechanical in
ference between the Raman phonon and transitions from
broadened impurity band to continuum states.25–28 The Ra-
man peak centered at 1332 cm21 shifted to lower frequencie
with increasing boron doping, which may be caused b
combination of the self-energy shift due to the Fano inter
tion and tensile stress in the lattice from the incorporation
substantial quantities of boron. Ager IIIet al.28 reported in a
recent article that the Fano line shapes were formed at
ing levels of about 1021 cm23. In our experiment, the Fan
line shapes were found above 0.3 at.% boron concentra
~about 1021 cm23! according to fitting calculation.26 There-
fore, the actual stress value in the films was lower than
measured values as boron concentration rose above 0.3

FIG. 3. The dependence of the measured total stress on boron concen
in the diamond films produced by~a! HFCVD and~b! MWCVD. The lines
are a guide for the eye.
1848 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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The thermal stresssth was calculated as follows:

s th5@E/~12n!#E
T1

T2
~as2af !dT, ~3!

whereaf andas are the expansion coefficient of diamond an
silicon, respectively,E/(12n) is the biaxial Young’s modu-
lus, e.g., 1345 GPa for diamond,29 T1 is temperature during
the deposition andT2 is room temperature. The calculated
thermal stress of diamond films deposited at 920 °C wa
compressive with a value of 0.21 GPa.

The intrinsic stresssin was calculated from

s in5s t2s th , ~4!

wheres t is the measured total stress. The intrinsic stress w
therefore tensile in the boron content range studied. For e
ample, the total stresss t of HFCVD and MWCVD samples
was about 0.65 GPa at 0.2 at.% B, so the intrinsic stress w
0.86 GPa.

The strain behavior with increasing boron content wa
the same as that of the stress, e.g., the strain increased w
boron concentration. The maximal strain was about 1.56%
a boron concentration of 1.6 at.% for the HFCVD sample
slightly greater than that of the MWCVD samples.

From XRD analysis it was observed that the lattice con
stant tended to stretch with increasing boron concentrati
~Fig. 4!, as evidenced by the increase in the tensile stre
caused by boron content in the films. The increase in th
lattice constant in HFCVD samples was higher than that
MWCVD samples, since the tensile stress in HFCVD
samples was greater than that in MWCVD samples. In add
tion, an average grain size of about 150 nm, determined by
contribution of SEM images and XRD data, was found fo
samples with boron contents up to 0.3 at.%, but at high
boron concentrations, the grain size decreased. Thus,
samples with boron contents of 2 at.% the average value
the grain size was about 40 nm.

IV. DISCUSSION

Generally speaking, compressive intrinsic stress in th
films is attributed to impurities, whereas defects such as v
cancies, dislocation, or grain boundaries produced tens
stress.30–32 In undoped diamond films, the nondiamond car
bon phase and hydrogen are assumed to be responsible
compressive stress,33–35and the grain boundary relaxation is
the origin of tensile intrinsic stress.13 Our experimental re-
sults have shown that the stress in boron-doped diamo
films is tensile, and enhanced with increasing boron conce
tration. Thus the origin of the tensile stress needs to be e
plained.

The lattice constant of the diamond is 3.567 Å, and tha
of silicon 5.430 Å. The lattice may expand in the diamon
layers and shrink in the silicon because of the lattice mi
match if the diamond film is deposited on the silicon sub
strate. Consequently, diamond films on silicon substrat
should be under a tensile stress. However, this stress is d
tributed only near the interface between the films and su
strate. Besides, the incorporation of substantial quantities
boron in the films results in a lattice expansion of diamond

ation
Wang et al.
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For boron doping levels higher than 2 at.%, the lattice e
pansion is greater as shown in Fig. 4. Therefore, the st
caused by the lattice mismatch is weaker in the doped fil

The polycrystalline diamond films consist of fine cry
tallites, and the films contain a high density of grain boun
aries and voids. The attractive atomic forces acting acr
grain boundaries or micropore gaps induce an elastic st
in the anchored grain due to a constrained relaxation, e
the grain boundary relaxation process.13,36The average grain
size decreased with increasing boron concentration.
grain size is much smaller in heavily doped samples, wh
implies a high grain boundary density in the films. Comm
grain boundary relaxation modes also include those of sla
ing disorder, low-index asymmetric facets, and microfac
which are related to the short-range nature of the interato
interaction. The relaxation strength of the grain bound
varies with the number of disordered groups and the deg
of disorder of each group. The intrinsic tensile stress cau
by the grain boundary relaxation can be estimated from
following relationship:37

s5@E/~12n!#d/d, ~5!

whered is the constrained relaxation of the lattice consta
and has a value of 0.077 nm for diamond,13 and d is the
crystal size. The intrinsic tensile stress with an average g
size of 120 nm is about 0.84 GPa, according to Wind
chmannet al.’s calculation.13 This stress value agrees wit
our measured values when the boron concentration is be
0.3 at.%. For instance, the intrinsic tensile stress of b
HFCVD and MWCVD samples is about 0.86 GPa at bor
concentration of 0.2 at.%. However, the calculated str
values are lower than the measured values as boron con
tration is higher than 0.3 at.%~see Fig. 3!. This is due to
complicated stress mechanisms produced in the hea
doped diamond films.38

At higher boron doping levels, the interstitial boron in
corporation in the lattice or boron precipitation at the gra
boundary starts to occur. Thus, the usual grain boundary
laxation can be decreased or suppressed by the impurity
oms. Mitsuhashiet al.39 reported Raman spectroscopy ana
ses which revealed that the full width at half-maximu

FIG. 4. Relationship between lattice constant and boron content in the
mond films grown by~a! HFCVD and~b! MWCVD. The dotted line denotes
the lattice constant of natural diamond. The continuous lines are a guid
the eye.
J. Appl. Phys., Vol. 80, No. 3, 1 August 1996

Downloaded¬15¬Jun¬2010¬to¬161.116.168.169.¬Redistribution¬subjec
x-
ss
s.
-
-
ss
ain
.g.,

he
ch
n
k-
ts
ic
ry
ree
ed
he

nt

in
s-

ow
th
n
ss
en-

ily

-
in
re-
at-
-

~FWHM! of the 1332 cm21 band increased from 1.76 to 2.16
cm21 as the dislocation density increased from 4.03104 to
3.33105 cm22 on the surface of electron-assisted CVD dia
mond films on~100! diamond substrates.39 Our experimental
results showed that the maximum value of FWHM is abo
18 cm21 with a boron concentration of 1.6 at.% fo
MWCVD samples as shown in Fig. 5. This suggests th
there is an extremely high dislocation density in the film
The dislocations are mainly concentrated on the gra
boundaries,37 which promotes the grain boundary relaxation
High defect density in the films involving dislocations an
vacancies, easily gliding and moving along grain boundari
can develop tensile stress. On the other hand, the FWHM
HFCVD samples was greater than that of MWCVD sampl
~not shown!. This implies that HFCVD samples contain
many more defects. Thereby, the stress and strain of HFC
samples were greater than those of MWCVD samples~see
Fig. 3!. The enormous differences of the defect density b
tween high and low boron doped films cause the stress
HFCVD films not to be linearly dependent on the boro
concentration although the lattice constant in these samp
almost linearly increased with boron concentration~see Fig.
4! owing to its main dependence on the grain size.

In addition, nanocrystalline diamond phase formatio
was enhanced when the boron concentration was higher t
0.3 at.%. The complicated nanocrystalline grain boundar
contained many defects and the impurities can easily sl
during film deposition at substrate temperature abo
850 °C. The grain boundary sliding is opposed by the boun
ary grain. The opposition develops an internal stress, wh
eventually stops the sliding. The internal stress also acts
the grain. The sliding is not only blocked by the grain on
boundary, but is also restricted by the boundary nodes~triple
points!. The blocking of sliding by the nodes produces a
additional internal stress in the grain free area of a bounda
This is referred to as an internal stress induced by nod
blocked grain boundary sliding.40–42 At substrate tempera-
ture above 850 °C, boron diffusion, coalescence of vaca
cies, and formation of voids may relax the internal stress.
slight decrease in the stress because of the diffusional re

ia-

for
FIG. 5. Influence of the boron content on the FWHM of Raman line in th
diamond films prepared by MWCVD. The line is a guide for the eye.
1849Wang et al.
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ation causes further sliding, which increases the inter
stress.

The films tend to generate strain or distortion und
stress, whereas the strain and distortion can relax the st
The stress and strain will reach a stable state when t
energies are in equilibrium state. The films are spalled
peeled off if the strain energy exceeds the interface ene
between the film and substrate and among the grains.

V. SUMMARY

The internal stress and strain in boron-doped diamo
films deposited by MWCVD and HFCVD are investigated
a function of boron concentration. The total stress is tens
and stress and strain are enhanced with increasing boron
centrations. The tensile stress is explained in terms of
grain boundary relaxation model due to the short-range
ture of interatomic interaction when boron concentration
the films is below 0.3 at.%. In heavily boron-doped diamo
films ~.0.3 at.%!, the origin of internal stress is mainly
attributed to high defect density, and is induced by the blo
ing of grain boundary sliding.
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