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Raman and photoluminescence analysis of stress state and impurity

distribution in diamond thin films

L. Bergman and R. J. Nemanich®
Department of Physics and Department of Materials Science and Engineering,
North Carolina State University, Raleigh, North Carolina 27695-8202

(Received 16 June 1995; accepted for publication 16 August 1995)

Photoluminescence (PL) and Raman spectroscopy were employed to investigate the nature and .
sources of stress and the type and distribution of impurities and defects in thin diamond films grown
on silicon substrates. The types of impurities and defects which were detected in the diamond films
are the nitrogen, silicon, and the sp*-type bonding of the graphitic phase. Our Raman analyses
indicate that the diamond films exhibit a net compressive stress. After compensating for the thermal
interfacial stress and for the stress due to grain boundaries it was found that the residual internal
stress is compressive in nature. From Raman line-shape analysis it was determined that the internal
stress is due to the various impurities and defects present in the film. Moreover, the stress magnitude
exhibits a strong correlation with the graphitic phase implying that the sp® bonding produces a
dominant compressive stress field. The PL analytical line-shape investigation of the nitrogen band
at 2.154 eV indicates that the nitrogen centers are uniformly distributed in the film. The PL line
shape exhibited a close fit to the Lorentzian—Gaussian convoluted line known as the Voit profile.
The deconvolution of the line resulted in a dominant Gaussian component, corresponding to stress
arising from line type defects, and a much smaller Lorentzian component corresponding to point
defect stress. The Gaussian component was attributed to the graphitic phase implying that the sp*
bonding is not in the form of a point defect but rather takes the form of a line or extended defect.
The line-shape investigation of the silicon band at 1.681 eV showed that the silicon centers are
correlated with the silicon/diamond interfacial stress. Finally, the response of the nitrogen and
silicon optical centers to the internal stress, which is manifested via the PL linewidth, was also
studied. The silicon band exhibits the narrower linewidth which may indicate that the silicon center
complies less to the internal stress than the nitrogen center or that the two optical centers are

interacting with different types of stress sources. © 1995 American Institute of Physics.

l. INTRODUCTION

Knowledge about the origins and characteristics of inter- -

nal stress in diamond films is critical to advances in film
quality since stress may interfere with and degrade the me-
chanical as well as the transport and optical properties of the
films. Raman and photoluminescence (PL) spectroscopy
have proven to be useful and nondestructive techniques for
evaluating the stress of crystals and films.! ™™ In this research
we extend these techniques to the analysis of stress in dia-
mond thin films with different impurity concentrations aris-
ing from different growth conditions, and show that the im-
purities and defects are the main source of the internal stress.

The first part of our investigation focuses on Raman
analysis of the nature and sources of stress in diamond films.
It has previously been determined that the Raman line fre-
quency shifts linearly with stress; by applying this correla-
tion to observed line frequency shift, information about the
stress type (i.e., compressive or tensile) and stress magnitude
may be obtained."? Our Raman analysis of the peak posi-
tions indicated that all of the diamond films studied exhibit a
net compressive stress ranging from 0.37 to 2.21 GPa. The
net compressive stress for each film, as determined from the
Raman line shift, was then separated into the compressive
and tensile components. The stress deconvolution was based
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on previous models for applicable stress sources in diamond
films such as the compressive interfacial thermal stress'*!
and the tensile stress imposed by grain boundaries,'>*% and is
discussed in detail in Sec. III. After compensating for these
stresses, it was determined that the diamond films still exhib-
ited residual internal compressive stress on the order of
0.25-2.02 GPa.

In order to assign a source to the internal compressive
stress of the films, a Raman line-shape study was carried out
as well as an investigation of the correlation of the internal
stress to the Raman linewidth and impurity concentration.
The Raman linewidth in general can be broadened via sev-
eral mechanisms: The main mechanisms applicable to the
diamond line are homogeneous broadening!’ and broadening
due to size effect of the crystal.'®2° Homogeneous broaden-
ing arises from a decrease of the lifetime of the crystal
phonons. The theory of homogeneous spectral line shape
predicts that the linewidth is inversely proportional to the
phonon lifetime and that the line shape is expected to be a
Lorentzian.”! The other possible mechanism which results in
Raman line broadening is phonon confinement in a small
domain size.'® The model developed to explain this mecha-
nism is based on the uncertainty principle, which states that
the smaller the domain size, the larger the range of different
phonons that are allowed to participate in the Raman pro-
cess. According to this model, as the linewidth gets broader

© 1995 American Institute of Physics 6709
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FIG. 1. The SEM micrographs of the (2) combustion, (b) 20 h, (c) HF 0%N, and (d) the HF 0.2%N diamond film.

the Raman peak shifts to a lower frequency and the line
shape becomes asymmetric.

Our analysis indicates that the Raman linewidth is di-
rectly correlated with the internal compressive stress and that
the Raman line shape exhibits a symmetric Lorentzian pro-
file. These findings suggest that the dominant source is one
which acts to shorten the phonon lifetime and at the same
time induces internal compressive stress. Moreover, the in-
ternal stress exhibits a correlation with the graphitic phase
(sp?) concentration; a small deviation from linearity was
consistent with the relative concentration of the other impu-
rities present in the films. The above results lead us to con-
clude that the source of internal compressive stress in the
diamond thin films are the various impurities and defects,
and that the spz-type bonding is, with high likelihood, the
principal stress source.

Tn the second part of our investigation the stress state of
the diamond films is analyzed utilizing PL spectroscopy.
Through the PL line-shape analysis additional knowledge
was gained about the impurity and defect strain sources as
well as their distribution in the film. The PL stress results
were also compared to those found from the Raman analysis
to show consistency between the PL and the Raman tech-
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niques. Our investigations focused on PL line-shape analysis
of the 2.154 eV nitrogen-vacancy optical band and the 1.681
eV silicon band. %

In diamond crystal at low temperatures the PL line shape
is determined almost entirely by the crystal strain inhomoge-
neities. The inhomogeneous broadening is at least 1000
times greater than the homogeneous broadening,!! the latter
of which arises from the lifetime characteristics of a transi-
tion. In general, the principal mechanism of the inhomoge-
neous broadening at low temperatures is the strain broaden-
ing that arises from the presence of dislocation-type defects
and point defects in the crystal.”"'? The defects introduce
strain fields throughout the crystal that interact with and per-
turb the optical transitions energies. The statistical distribu-
tion and density of the optical centers and defects in the
crystal as well as defect type determine the variations in the
transition energies of the optical centers and the respective
PL line shape.

To determine the stress sources and distributions we ap-
plied the well-established theoretical work developed by
Stoneham on the strain broadening mechanisms of spectral
bands.”!® In the following paragraph a brief summary of
Stoneham’s relevant results is presented.’

L. Bergman and R. J. Nemanich
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FIG. 2. The Raman spectra of the four diamond films, showing the diamond
and the graphitic signals.

(a) For a symmetric lattice, in which the lattice sites
accommodate at random the optical centers and defects, the
line shape is expected to be symmetric.

(b) When the strain in the crystal arises solely from uni-
formly distributed point defects the luminescence line shape
is expected to be a Lorentzian.

{c) When the sources of the strain in the crystal are uni-
formly distributed dislocations (line-type defects) the line
shape is expected to be a Gaussian.

(d) In the case when both types of defects are present in
the crystal, the resulting line is the convoluted line shape of
the Gaussian and the Lorentzian: This line shape is known as
the Voit profile and has no closed-form mathematical expres-
sion. The relative linewidths of the Gaussian component and
the Lorentzian component in the Voit profile reflect which
defect is the dominant stress source in the crystal. The above
results of Stoneham assumed an ideal continuous single crys-
tal for which the spatial distribution of the defects and the
optical centers were taken to be uniform.

The diamond films studied here contain a variety of de-
fect types whose relative contribution to the stress should be
determined. In addition to the silicon and nitrogen impurity
point-type defects, a high concentration of line defects of
dislocation type have been found in diamond films similar to
ours utilizing transmission electron microscopy (TEM)
spectroscopy.>*~*¢ Furthermore, the graphitic phase, which is
the most common defect in diamond films,*’~*° has not yet
been definitely classified as to being a point- or a line-type
defect; hence, an optical analysis similar to that proposed by
Stoneham may be useful in order to classify the graphitic
phase and to differentiate the relative contributions of the
other defect types to the strain. Moreover, due to the sub-
strate interface the diamond films are not in the category of
the ideal crystals assumed in Stoneham’s work and we ex-
pect some of the PL line shape to be influenced by the de-
viation from the ideal. Therefore, an investigation of the PL
line shape might also give insight into the effect of the sub-
strate on the optical properties of the films.
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FIG. 3. The normalized high-resolution Raman spectra of the diamond sig-
nal of the films. The spectra of Ia crystal diamond is also included as a
reference line.

PL line-shape investigations were undertaken for both
the 2.154 eV nitrogen-vacancy optical band and the silicon
band at 1.681 eV. It was found that the 2.154 eV PL line
shape is symmetric and constitutes a Voit profile. The decon-
volution of the line resulted in a dominant Gaussian compo-
nent, corresponding to stress arising from line-type defects,
and a much smaller Lorentzian component corresponding to
point defect stress. The internal stress magnitude which was
inferred from the PL linewidth is consistent with the one
obtained from the Raman analysis. The above results suggest
that the nitrogen PL centers and the interacting defects are
uniformly distributed throughout the film and that the domi-
nant defect which acts as a stress source is not in the form of
a point defect. Furthermore, the Lorentzian linewidth was
found to be consistent with and thus completely accounted
for by the total nitrogen concentration (which is known to be
a point defect) which left the only feasible assignment of the
dominant Gaussian component (besides that portion assigned
to the dislocation) to the graphitic phase. This implies that
the sp® bonding is in the form of a line or extended defect.

The preliminary results of PL line-shape analysis of the
silicon center at 1.681 eV show that the PL line exhibits a
strong asymmetry. The line-shape investigation excluded the
possibility that the line asymmetry arises from an underlying
PL band due to a different optical center which luminesces in
the same energy range. In our previous work it was con-
cluded that the silicon centers reside mainly next to the
silicon—diamond interface.’ Therefore we tentatively at-
tribute the line asymmetry to some form of interfacial stress
interaction. Furthermore, it was observed that the 1.681 eV
linewidth is narrower than the linewidth of the nitrogen PL
band at 2.154. In general a comparison of different PL lin-
ewidths (arising from different optical centers residing in the
same crystal) might convey information about the structure
of the centers as well as the stress environment.>??> We pro-
pose two possibly simultaneously acting mechanisms to ex-
plain the difference in the linewidths:

L. Bergman and R. J. Nemanich 6711



TABLE L. The Raman characteristics of the diamond films and the experimental stress values as calculated from

the Raman shift Ap.

Film I graphitic /L diamond FWHM (cm ') Peak (cm™!) Av (cm™) Oexpt (GP2)
_ Combustion 0.22 3.6 1333.0 0.7 ~-0.37
20h 0.55 6.8 1334.0 1.7 —0.90
HF 0%N 1.43 7.5 1334.5 2.2 -1.16
HF 0.2%N 1.67 11.7 13365 42 -221

(a) The silicon center is a more rigid center than the nitro-
gen center and hence does not comply to the stress as
much as does the nitrogen center, and

(b) the stress acting upon the silicon centers and the nitro-
gen centers are of different origins.

The remainder of this article is organized as follows.
Section II presents the experimental setup. In Sec. III Raman
analysis of the stress in four diamond films is presented.
Section IV presents the PL line-shape analysis of the films.

Il. EXPERIMENT

Four diamond samples were involved in the research
presented here and are referred to as the 20 h, HF 0%N, HF
0.2%N, and the combustion sample. Figure 1 shows scan-
ning electron microscopy (SEM) micrographs of the surfaces
of the samples. The 20 h sample was grown utilizing the
microwave chemical-vapor-deposition (CVD) method; the
plasma consisted of 1% CH, in H, at 1000 sccm total flow.
The plasma power, pressure, and substrate temperature were
maintained at 800 W, 25 Torr, and 750 °C, respectively. The
growth time for the 20 h sample was 20 h and the film was
~2 pm thick and of a continuous morphology. The HF 0%N
and the HF 0.2%N were prepared utilizing the hot filament
growth method. (The %N in the sample names reflects the
percentage of N,/H, in the gas phase). The growth time was
6 h and the growth temperature was 850 °C. The plasma
consisted of 1.5% CH, in H, and the filament temperature
was maintained at 2000 °C. The combustion sample was
grown for 0.5 h in a controlled combustion chamber.** The
growth temperature was 1000 °C and the film was ~3 um
thick. All the samples were grown on (100)-oriented silicon
substrates.

The Raman spectra were obtained via the micro mode at
room temperature employing the argon-ion laser 514.53 nm
excitation line which was focused on the sample to a spot
size ~5 um in diameter. The low-temperature PL spectra
were acquired at 10 K via the macro mode employing the
514.53 nm laser line which was focused on the sample to a
spot size ~2 mm X100 pm. The experintental conditions, for
the high-resolution Raman and PL data acquisition, were set
to allow the spectral resolution to be 1 and 2 em ™!, respec-
tively.

1. RAMAN ANALYSIS
A. Stress calculation
In this subsection a Raman analysis of the stress of the

diamond thin films is presented. Figure 2 shows the diamond
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and the graphitic Raman signals of the four samples; Fig. 3
shows the high-resolution normalized Raman spectra of the
diamond signal of the samples as well as the spectra obtained
from Ia crystal diamond. It can be seen in Fig. 3 that the
Raman peak position of the four diamonds exhibits a shift to
a higher frequency relative to the peak of the Ia diamond.
It has been shown that upon applying compressive stress
on the diamond, the peak position of the Raman line shifts
linearly with the stress to a higher frequency.! The depen-
dence of the Raman shift Av on the applied stress o is

Av=v—yy= —aoc, (1)

where « is the pressure coefficient'>® and v, is taken to be

the Raman peak position of the natural diamond when no
pressure is applied. The peak position ¥, of natural and syn-
thetic diamond crystals at room temperature has been re-
ported to be in the range 1332.1-1332.6 em™! with a full
width at half-maximum (FWHM) in the order of 1.8 cm™".!7
The above published results are in agreement with our .ob-
servations of the Raman peak position at 1332.3%0.2 cm ™!
and linewidth ~2 cm ! of a type-Ia diamond crystal. In or-
der to estimate the experimental stress in the diamond
samples 0y, Eq. (1) is used with 1,=1332.3 cm™! and with
an average value of the pressure coefficient @=1.9 cm™Y/
GPa. The results of the calculations are listed in Table I as
well as the Raman characteristics obtained from Figs. 2 and
3. The above calculations clearly indicate that all of the dia-
mond films involved in this study exhibit a net compressive
(negative) stress. Furthermore, the combustion film was
found to exhibit the lowest compressive stress while the HF
0.2%N exhibited the greatest compressive stress.

Next we analyze the sources of stress in the diamond
films by identifying the stress components and estimating the
contributions to the net Stress Oy in each of the diamond
samples. The contributions to the net stress may be either
tensile or compressive. The observable net stress o, in the
diamond films is given by Eq. (2) in terms of the thermal
stress oy, the sum of the internal stresses Zopy, and the
stress due to silicon—diamond lattice mismatch oy, ,*

Opet™ UTH+ 2 O-IN+ Olm - o (2)

The thermal stress oy arises from the difference in the
thermal-expansion coefficients of silicon and diamond.'*'?
As a result of this difference, the silicon substrate contracts
more than the diamond film upon cooling from the elevated
growth temperature down to room temperature. Hence, the
silicon substrate applies compressive stress on the diamond
film.The dependence of the thermal stress on the deposition
temperature has been previously calculated by Wind-

L. Bergman and R. J. Nemanich



TABLE II. The experimental and the calculated stress components of the diamond films.

Texpt oH acs Teale A (GPa)
Sample (GPa) (GPa) (GPa) =0+ oG = Gexpt— Yeale
Combustion —0.37 -0.155 +0.03 —0.125 —0.25.
20h -0.90 -0.25 +0.104 —0.146 -0.75
HFE 0%N -1.16 -0.23 +0.07 -0.16 —1.00
HF 0.2%N -2.21 -0.23 +0.042 —0.188 —2.02

ischmann et al.1® Using the results of Ref. 15, we anticipate

that the 20 h sample (750 °C) should have a compressive
thermal stress component ~0.25 GPa, the two HF samples
(850 °C) should exhibit a lower stress ~0.23 GPa, and the
combustion sample (1000 °C) should be under the lowest
thermal stress ~0.15 GPa.

The total internal stress component 2oy in the diamond
film may be due to various sources such as impurities, struc-
tural extended defects such as dislocations, and interactions
across grain boundaries. The interactions across grain bound-
aries has been reported to be the possible origin of the main
intrinsic tensile stress ogg in the diamond films.>*? Accord-
ing to the model developed by Doljack and Hoffman,'® when
the grains start to coalesce, they exert attractive forces across
the boundaries. This relaxation mechanism is energetically
favored by the system since the grain boundary interfacial
energy is less than the energy of the two separated grain
surfaces. The relaxation mechanism, however, is constrained
by the adhesion of the grains to the substrate which causes an
internal tensile stress to be present in the film. The intrinsic
tensile stress ogp has been found to be inversely proportional
to the average grain diameter d in a sample,

oge=[E(1—v)](d/d), 3

where §=0.077 nm is the constrained relaxation lattice con-
stant of diamond and E{(1—v)=1345.GPa is the mechanical
constant of diamond.!® The average grain size for the com-
bustion, 20 h, HF 0%N, and HF 0.2%N sample, as estimated
from the SEM micrographs, is ~3.5, 1, 1.5, and 2.5 um,
respectively. The values of ogg as well as the values of the
other stress components are listed in Table II.

The other term in Eq. (2) to be discussed next is the
stress due to lattice mismatch oy, . The stress in the diamond
due to its ~35% lattice mismatch with the silicon substrate
or ~20% mismatch with the SiC buffer layer is expected to
be tensile and for psendomorphic growth to cause a very
large Raman shift ~200 cm ™ ;** however, this order of mag-
nitude shift was never observed in our diamond Raman lines.
The absence of the large lattice-mismatch stress can be at-
tributed mainly to the dislocation and to the grain misorien-
tation relaxation mechanisms: A tilt of about 35° (an ex-
pected value in our high-angle boundary . polycrystalline
films) may relax completely the interfacial stress existing
between SiC and diamond.* Hence, we can safely ignore the
effect of oy, .

From the results listed in Table I it may be concluded
that the thermal stress and the stress due to. the grain-
boundary interactions are not very significant, and that, after
compensating for their contributions (o), the samples still

J. Appl. Phys., Vol. 78, No. 11, 1 December 1995

exhibit an appreciable excess of compressive stress which we
refer to as delta (A). We suggest that the most probable ori-
gins of A are the various types of impurities and defects
present in the diamond thin films. In the following subsec-
tion we present an investigation of this hypothesis.

B. Impurities and defects as intrinsic stress sources

Validation of the hypothesis that the intrinsic stress is
due to defects and impurities may be obtained from analyz-
ing the correlation of the Raman line broadening to the stress *
A arising from defects. Figure 4(a) presents such a correla-
tion obtained from our samples; it can be seen that A is a
linearly increasing function of the Raman broadening indi-
cating that the origin of the Raman line broadening may be
related to the internal stress in the diamond films. Since Ra-
man line broadening can result from various mechanisms, as
is discussed next, our objective is to differentiate among the
mechanisms to find the origin of the dominant one and to
determine its relation to the internal stress. One possible
mechanism which results in broadening is the Raman pho-
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FIG. 4. The correlation between the Raman linewidth and (a) the internal
compressive stress delta and (b) the Raman peak position.
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FIG. 5. The Raman diamond lineshape as calculated from Eq. (4) for the
corresponding experimental widths of the 20 h, HF 0%N, and HF 0.2%N
Raman signals.

non confinement in a small domain size.'®* The well-
established confinement model is based on the uncertainty
principle, which states that the smaller the domain size, the
larger the range of different phonons (with different ¢ vector
and different energy) that are allowed to participate in the
Raman process. Hence, the broadening of the Raman line in
this case is due to the spread in phonon energy. The Raman
line shape in the phonon-confinement model is given by

1-dg exp(—q*L*/4)4mwq?
o T (@ P+ (Wel2?” @

I(w)=

where L is the confinement size, W, is the diamond natural
linewidth (~2 cm™!), and w(g) is the phonon-dispersion
curve of the form A+ B cos(gm).®® According to this
model, as the width of the Raman line gets broader, the peak
of the line shifts to a lower energy and the line shape be-
comes asymmetric. The correlation between the Raman line-
width and the peak position obtained from our diamonds is
presented in Fig. 4(b). The data in the figure indicate that the
peak positions shift to higher frequencies which is opposite
i behavior to that predicted from the model. In order to
examine the Raman line shape Eq. (4) was numerically
evaluated to give the Raman line shape for L=86, 80, and 62
A, which result in linewidths of 6.8, 7.5, and 11.7 cm™ !,
respectively. These linewidths correspond to the 20 h, HE
0%N, and HF 0.2%N diamond linewidths. The expected Ra-
man line shapes are shown in Fig. 5. As can be seen in the
figure the confinement model predicts a large asymmetry in
the Raman lineshape which was not observed in the Raman
signal (see Figs. 3 and 6).

Symmetric Raman line shapes and correlation similar to
ours have been reported by Ager and co-workers™® who con-
cluded that the broadening due to the confinement is not
applicable when such a correlation is found. In light of the
above we conclude that the domain size in our samples is
sufficiently large so as to make the phonon confinement
broadening negligible compared to other broadening mecha-
nisms. ‘

6714  J. Appl. Phys., Vol. 78, No. 11, 1 December 1995
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FIG. 6. A typical Raman line shape of the diamond films. The dashed line is
the Lorentzian fit to the experimental line.

A more plausible mechanism for Raman broadening in
diamond films has been suggested to be due to the phonon
scattering (phonon decay) at impurities and defects.?’ The
scattering event shortens the lifetime of the phonons and thus
results in a broader Raman line. The Raman line shape due to
the lifetime shortening is expected to be symmetric and of a
Lorentzian line shape as was observed in our diamonds and
which is depicted in Fig. 6. If the hypothesis that the defects
are the source of the internal stress is correct, then the width
of the Raman lines can be expected to correlate well with the
defect stress A, as was indeed found in our work [see Fig.
4(a)]. The observed correlation between the Raman widths
and A indicates that the various defects, which were argued
to cause the broadening, are also the main cause of the com-
pressive internal stress in the diamond films. Hence, we as-
sign the origin of the excess compressive stress A to the
various types of impurities and defects in the diamond film.

The identity of the types of impurities in the diamond
films is inferred from the PL spectra presented in Fig. 7. It
can be seen that the spectra of the HF 0.2%N sample exhibit
the nitrogen-vacancy bands at 2.154 and 1.945 eV as well as
their vibronic side bands. The silicon center band at 1.681 eV
is very weak. The spectra of the HF 0%N sample does not
show any of the nitrogen nor the silicon PL bands. The spec-
tra of the 20 h diamond sample is dominated by the strong
silicon band while the spectra of the combustion diamond
exhibits the nitrogen as well as the silicon PL bands. In order
to estimate the total concentration of the nitrogen impurity
secondary-ion-mass spectroscopy (SIMS) has been utilized
and it has been found that the HF 0.2%N and the combustion
samples contain ~5X10%° and 1X10% N/em®, respectively
(the other two films were found to contain nominal nitrogen
concenfration).

SIMS is not a very appropriate spectroscopy, however,
for obtaining the total silicon impurity concentration in very
thin films since an additional signal arises from the silicon
substrate. Instead the relative amount of silicon in each of the
diamond films was estimated from the total integrated area of
the 1.681 eV PL band (when present in the spectra) relative
to the diamond Raman integrated area. It was calculated that
the ratio is ~5 for the combustion and ~50 for the 20 h

L. Bergman and R. J. Nemanich
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FIG. 7. The PL spectra of the diamond films. The nitrogen-related centers at
1.945 and 2.154 eV are present in the spectra of the combustion and the HF
0.2%N. The silicon center at 1.681 eV is present in the PL spectra of the
combustion and the 20 h diamonds.

films, respectively. Another type of defect which is present in
all the four films is the graphitic phase as can be seen from
the Raman spectra in Fig. 2. The relative graphitic concen-
tration 7 geaphitic/Igiamona (Obtained from the graphitic and dia-
mond integrated areas of the Raman signals) as well as the
previously found impurity concentrations are listed in Table
I

To investigate the role of the graphitic phase as a source
of internal stress in our films, we plotted the relative quantity
1 graphitic /L giamond Versus the internal compressive stress A. The
graph is shown in Fig. 8, and for each sample the other
observed nongraphitic impurities are listed. The data pre-
sented in the figure suggest that the sp?'-type bonding in-
duces a compressive stress field in the diamond matrix; the
small deviation from linearity is consistent with the concen-
tration of the nitrogen and silicon impurities (and with the
probable contribution to the stress from extended type de-
fects).

In the following section the stress state of our diamond
films is analyzed utilizing PL spectroscopy. Through this PL
line-shape analysis additional knowledge is gained about the
impurity and defect strain sources as well as their distribu-
tion in the samples.

TABLE III. The impurity concentrations in the diamond films as obtained
from Raman, PL, and SIMS spectroscopes.

1 graphitic /1 diamond I silicon /1 diamond
Raman PL Nitrogen (cm ~%)
Sample integrated area  integrated area SIMS
Combustion 0.22 5 ~1x10%(0.06 at. %)
20h 0.55 50 nominal
HF 0%N 143 nominal nominal
HF 0.2%N 1.67 nominal ~5%10%(0.28 at. %)
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FIG. 8. The correlation between the internal stress Delta and the graphitic
phase defect. Concentrations of the various impurities are also listed.

IV. PL LINE-SHAPE ANALYSIS AND STRESS
ANALYSIS IN DIAMOND FILMS

A. The 2.154 eV nitrogen-vacancy optical center

In this subsection the 2.154 eV PL line-shape investiga-
tion is presented. The 2.154 eV PL line has been observed
only in the spectra of the combustion film which contains
~1X10% N/cm® (and a small relative concentration of Si),
and in the spectra of the HF 0.2%N film which contains
~5%10* N/ecm® (and a nominal Si concentration).

The 2.154 eV nitrogen optical center was suggested in
Refs. 13 and 45 to consist of one nitrogen atom and a va-
cancy (or vacancies). This center appears in nitrogen-free
diamond crystals after nitrogen implantation and annealing,
or in diamonds containing nitrogen (la,Ib) after radiation
damage and annealing. The nitrogen atoms in diamond may
appear in various configurations and forms (only some of
which are optical centers); according to Davies'"*¢#7 at least
95% of the total nitrogen atoms in type-I diamonds appear in
the form of the small aggregate (which are considered as
point defects) and this form has been established to be the
main source of the strain."! One very common form of small
aggregate consists of two nearest-neighbor nitrogen atoms
which is referred to as the A aggregate. While the A aggre-
gate is not PL active the presence of the A aggregate in our
diamonds has been indirectly inferred from the existence of
the PL band A (originating from a complex consisting of an
A-form nitrogen and an acceptor) in the spectra, as reported
in our previous work in Ref. 33. Therefore, it may be safely
assumed that, as in the type-I diamond, the A aggregate in
our diamonds is the cause of most of the nitrogen-related
strain.

Figures 9(a) and 9(b) show the 2.154 eV PL bands of the
HF 0.2%N and the combustion films, respectively, as well as
the Lorentzian and Gaussian line shape (of the same widths
as the PL linewidths). It can be seen from the figures that
both PL line shapes exhibit a high degree of symmetry. In
this respect our PL bands are similar to the symmetric 2.154
eV PL line shape of Ia crystalline diamond.!! The observed
symmetry of our PL bands, applying Stoneham’s theory
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FIG. 9. The Lorentzian (L) and the Gaussian (G) fits to the 2.154 eV nitro-
gen PL band (D) of the (a) HF 0.2% N and (b) combustion film.

which was discussed in Sec. I, implies that the 2.154 eV
optical centers as well as the defects causing the strain are
uniformly distributed throughout the diamond films.

It can also be seen in Figs. 9(a) and 9(b) that the PL line
shape of the HF 0.2%N film is mainly a Gaussian with a very
small Lorentzian component and that the line shape of the
combustion film lies between a Lorentzian and a Gaussian
function. The relative linewidths of the Gaussian and Lorent-
zian components of each of the PL bands may be found by a
deconvolution procedure and can be used to determine the
respective stress contributions from line- and point-type de-
fects. The following paragraphs outline the procedure. It has
been demonstrated that the Voit profile can be approximated
by a linear combination of the Gaussian and the Lorentzian
functions,48

K ) Ig=(1—W./Wy)exp{—2.772[ (0~ wo)/Wy]*}
(WL IWy) ({1 +4[ (0= wo)/ Wy]*}), %)

where W; and Wy are the Lorentzian and the Voit
linewidths, respectively (to be found). Once W; and Wy
have been determined from the curve fit of the given PL line
to Eqg. (5), the following relation between the Lorentzian and
Gaussian Iinewidths,48

Wy=(W./2)+ \/(WL2/4)+WGE, » (6)

is used to find the Gaussian linewidth component W;.
Figure 10 shows that the PL line of the combustion film
(obtained from a high-resolution PL spectra) can be approxi-
mated well by Eq. (5); from the curve fit and Eq. (6) the
values of W; and W, were calculated to be 2.3 and 6.0 meV,
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FIG. 10. The high-resolution spectra of the 2.154 eV PL band of the com-
bustion diamond. The curve fit to the Voit profile [Eq. (5)] is presented by
the dashed line. In order to get a meaningful fit, a bilateral symmetric spec-
tra was derived by mirroring the side which exhibits the lowest background
noise.

respectively. The ratio of W;/W;=0.38 implies that the
Gaussian stress, which will be referred to as S, is approxi-
mately 2.6 times greater than the Lorentzian stress S; . The
same analytical procedure was performed on the PL band of
the HF 0.2%N and its results are presented in Fig. 11. The
values of W, and W, shown there are 3.2 and 20.8 meV,
respectively; hence the Gaussian stress in this sample is ~7
times greater than the Lorentzian stress.

We next proceed to assign stress values to the observed
Gaussian and Lorentzian line-broadening components. It has
been demonstrated that the total internal stress S(=8;+S;),
in a given diamond sample may be obtained from the line-
width W of a nitrogen PL band via the following
approximation”"‘9

S=W/10, )
HF 02%N diamond

Wv= 22.4 meV

WL= 3.2 meV
8 W= 20.8 meV
< -
< W,/W.= 015
)
=
B
£
2
=
et

tatistics:
B | ehisq=0.0301
R=0.99962
e
R T Wa e
1] 1 ]

2.108 2.131 2.154

Energy [eV]

2.177 2.2

FIG. 11. The high-resolution spectra of the 2.154 eV PL band of the HF
0.2%N diamond film. The curve fit of the Voit profile [Eq. (5)] is presented
by the dashed line.
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TABLE IV. The linewidth of the 2.154 eV PL nitrogen bands and the Gauss-
ian and Lorentzian stress components.

Sample FWHM (meV) Total stress S (GPa) Sg (GPa) S (GPa)
Combustion 7.3 0.73 0.53 0.20
HF 0.2%N 224 2.24 1.95 0.29

where S is in units of GPa and the linewidth W is in meV.
Hence, the stress of the combustion and the HF 0.2%N
samples as obtained from the PL linewidths are ~0.73 and
2.24 GPa, respectively. These stress values are of similar
order of magnitude and consistent with the compressive
stress values obtained previously from the Raman shift, im-
plying that the Raman shift and the PL line broadening result
from the same compressive stress sources. Combining the
results calculated via Eq. (7) for the S with the previously
calculated ratios W, /Wg (=S5;/S;) we find that for the
combustion sample the Lorentzian stress S, ~0.20 GPa and
the Gaussian stress S;~0.53 GPa, while for the HF 0.2%N
sample S;~0.29 GPa and S;~1.95 GPa. Table IV summa-
rizes the above results for both samples.

According to the results listed in Table [V, we conclude
that the HF 0.2%N and the combustion samples exhibit
mainly a Gaussian stress and to a much smaller degree a
Lorentzian stress. Therefore line-type defects contribute far
more to the stress existing in the diamond thin films than the
point defects.

The nitrogen A aggregates and the dislocations, since
they are classified as point defects and line defects, respec-
tively, are expected to contribute a Lorentzian and a Gauss-
ian component, respectively, to the PL line band; however,
the graphitic phase had not been definitely classified as to
defect type. Here we present an analysis concerning the form
the graphitic phase takes in the diamond films.

The linewidths of the 2.154 eV optical center in type Ia
(~0.1-0.3 at. %N) and IIb (nominal N concentration) have
been reported to be 4.45 and 1.49 meV respectively, and
have been attributed to the strain imposed by the A
aggregates.!! These linewidths are comparable (up to devia-
tion due to the N concentration and the presence of the sili-
con impurity) to the ones calculated for the HF 0.2%N (0.28
at. % N, W,;=32 meV) and combustion (0.06 at. % N,
W, =2.3 meV) samples. Hence we suggest that the Lorentz-
ian linewidth for both samples can be attributed mainly to
the A aggregate and silicon point defects with no appreciable
contribution from the graphitic phase. The conclusion that
the graphitic phase does not contribute to the Lorentzian
linewidth implies that the graphitic is not in the form of a
point defect (which would appear as a dispersed form of sp?
bonding throughout the sample) and that the graphitic stress
field is of a Gaussian form associated with dislocation type
defect. Graphitization study of natural diamond has shown
evidence of a two-dimensional structure of the graphitic
phase in the diamond crystal. ® Also, it has been concluded,
from the atomic structure calculations of amorphous carbon
that the most stable arrangement of sp? sites is the two-
dimensional form.>! These findings support our results be-
cause the diamond film has material characteristics similar to

J. Appl. Phys., Vol. 78, No. 11, 1 December 1995

Weer Wrienr= 11

FWHM = 3.0 meV

PL Intensity (A.U))

2 2
1.67 1.675 1.685 1.69

1.68
Energy [eV]
Ww. n/W =15
LE RIGHT
(b)

3 FWHM = 6.7 meV
<
: 20h_di i
g
4
H
=

1- 1 1 f B
1.65 1.66 1.67 1.68 1.69 1.7

Energy [eV]

FIG. 12. The asymmetric 1.681 eV silicon PL band of the (a) combustion
and (b) 20 h diamond. :

those of the crystal diamond and amorphous carbon.*?

Since there is no way to further deconvolute the Gauss-
ian linewidth we cannot determine the actual contribution to
the stress from the dislocations and the graphitic phase; how-
ever, based on the correlation found between the graphitic
concentration and the stress (see Fig. 8) we expect the gra-
phitic contribution to the internal compressive stress to be
appreciable. In summary, we determined that the nitrogen
optical centers interact mainly with the graphitic stress field,
and the nitrogen centers as well as the graphitic phase are
uniformly distributed throughout the film.

B. The 1.681 eV silicon optical center

The PL band at 1.681 eV is a very characteristic feature
in the spectra of many diamond films grown on silicon sub-
strate: In natural crystal diamond this PL band appears only
after silicon implantation; hence, the 1.681 eV band has been
attributed to an optical center containing at least one silicon
atom.”® No definite model of the structure and symmetry
of this center has yet been formulated. The structure has been
suggested, however, to consist of two interstitial silicon at-
oms or of a silicon atom and a vacancy.m52

In this subsection an investigation concerning the spatial
distribution and the structure of the 1.681 eV PL band is
presented. Figures 12(a) and 12(b) present the high-
resolution PL spectra of the silicon center obtained from the
combustion and 20 h samples, respectively. It can be seen in
the figures that the PL bands exhibit very strong line asym-

metry.
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FIG. 13. The deconvolution of the silicon PL band (D) into the two under-
lying components: the Gaussian (G) and the Lorentzian (L). The neutral
vacancy band at 1.673 is not present as one of the underlying components.

One possible mechanism that might affect the symmetry
of a PL line shape is the existence of an underlying PL band
(due to a different optical center which luminesces in the
same energy range). Such an underlying PL band in the en-
ergy range of the 1.681 eV might be the PL band at 1.673 eV
due to the GR1 optical center which consists of a neutral
vacancy.>> The GR1 optical center is a very common center
occurring in natural diamond; however, no such center has
ever been observed in diamond films. In order to check the
possibility that the GR1 PL band might be the cause of the
observed line asymmetry, we deconvoluted the 1.681 eV line
into its possible line combinations. The best fit of our data to
a combination of an underlying and a main band yielded an
underlying band which did not match the GR1 PL peak po-
sition, as can be seen in Fig. 13; hence, we can exclude the
above mechanism as being responsible for the observed line
asymmetry. :

A more plausible mechanism which may explain the
strong PL line asymmetry of the silicon center is the strong
correlation of the optical centers with the surrounding de-
fects. In our previous work it was found that the silicon
centers are incorporated into the diamond matrix during the
initial stages of growth, and thus reside mainly at the silicon/
diamond interface.?? Such two-dimensional distribution of
the optical centers would be expected to affect the symmetry
of the PL line shape since the optical centers are subjected to
the interfacial stress more than to the stress distributed
throughout the film. An exact analysis concerning the 1.681
eV PL band asymmetry may be concluded in a future inves-
tigation. At present we may suggest with reasonable cer-
tainty, however, that the nonuniform concentration of the
silicon optical centers in the diamond films is the cause of
the asymmetric PL band.

It was observed that the silicon PL linewidths are signifi-
cantly narrower than the nitrogen PL linewidths (see Figs. 9
and 12) for which we offer the following explanations. The
PL linewidth depends on the concentration and the strength
of the strain sources in a given film as well as on the struc-
ture of the optical center itself.>'? Since a soft optical center
would comply to the stress more readily than a rigid optical
center, when the two optical center types exist in the same
film and are thus subjected to a similar internal stress any
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difference in the PL linewidths must reflect differences in
their structures. Our combustion diamond sample contains
both the 1.681 and the 2.154 eV optical centers: the line-
width of the 2.154 eV PL band is 7.3 meV and that of the
1.681 eV band is 3.0 meV. The difference in the linewidths
may imply that the 1.681 eV center is a more rigid center
than the 2.154 eV center. A possible way to explain the
above observation is that the 1.681 eV center does not con-~
tain any vacancy or contains fewer vacancies than the 2.154
eV center.

A second mechanism (which may act simultaneously
with the one discussed above) that may explain the narrower
silicon linewidth arises from the distribution of the silicon
centers next to the silicon substrate. The symmetric line
shape of the nitrogen PL band implies that the nitrogen and
the principal strain source, which was suggested to be the
graphitic phase, are uniformly distributed in the film. The
silicon optical centers, on the other hand, were concluded to
reside next to the substrate; hence, types of stress other than
due to interaction with the graphitic phase, such as interfacial
stress, may be more crucial in the interaction. The interfacial
stress which the silicon optical centers might be subjected to
could arise from the thermal stress, misfit disiocation, and
trom some form of silicon impurity aggregations. Since the
silicon PL linewidth is narrower than the nitrogen linewidth
it follows that the interfacial stress is of smaller magnitude
than the stress acting on the nitrogen centers. A future study
will address the formulation of the line asymmetry and iden-
tification of the dominant stress source in the broadening of
the silicon PL band. At present we suggest that the silicon
optical center is of a rigid structure and is subjected to an
interfacial stress of a lesser magnitude than the stress than
exists throughout the diamond film.

V. CONCLUSIONS

Photoluminescence and Raman spectroscopy were em-
ployed to investigate the stress state and stress sources in the
diamond thin films as well as to determine the defects types
and their distributions in the films.

Our analysis indicates that the thin diamond samples ex-
hibit internal stress which is compressive. The magnitude of
the thermal stress due to the difference in the thermal expan-
sion of the diamond and silicon is insignificant relative to the
magnitude of the internal compressive stress in the films.
From the correlation of the Raman linewidth (which was
established to broaden via impurity scattering) to the internal
stress and from the symmetric Lorentzian Raman line shape,
we conclude that the various defects and impurities in the
films are the sources of the compressive internal stress. The
impurities and defects in the diamond films which were iden-
tified are the nitrogen and silicon point defect complexes, the
graphitic phase of the disordered sp? bonding, and line de-
fects such as dislocations.

The relative concentration of the graphitic phase in the
diamond films correlates well with the internal stress. The
small deviation in this correlation is due to the compressive
stress contributions from the various other impurities present
in the diamond films; hence, we conclude that the graphitic
phase introduces stress in the diamond matrix that is com-
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pressive in nature. We also hypothesize that the graphitic
phase is the major stress source contributor and that its struc-
tural form is not of a point defect, that is, it is not in the
dispersed form of sp® bonding. These conclusions follow
from

(a) the established correlation of the graphitic concentra-
tion to the internal stress and
(b) the attribution of the Lorentzian stress to the nitrogen

and silicon point defects and the dominance of the

Gaussian stress.

The observed PL line-shape symmetry of the 2.154 eV

nitrogen-vacancy center indicates that the stress sources that -

the optical centers interact with as well as the 2.154 eV op-
tical centers are uniformly distributed throughout the dia-
mond film. On the other hand, the strong asymmetry of the
1.681 eV PL band indicates that the 1.681 eV optical centers
do not form a uniform distribution. This conclusion is sup-
ported by the previous finding about the biased incorporation
of the centers into the diamond film during the initial stages
of growth. A comparison of the linewidths of the 1.681 and
2.154 eV PL bands leads to the conclusion that the 1.681 eV
optical center may be a more rigid center than the 2.154 eV
center and that both optical centers interact with different
stress sources.
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