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Abstract. High quality synthetic diamonds were grown on single-crystal silicon by microwave plasma
enhanced chemical vapour deposition (CVD). A careful optimisation of both the experimental setup and
the growth parameters was necessary before that the achievement of the best results was made possible. The
films were deposited using a CHs4-H2 gas mixture at methane concentrations variable in the range 0.6-2.2%,
while the substrate temperature was fixed at 750 °C. Raman spectroscopy and photoluminescence (PL)
were utilised to monitor the quality of the deposited films and to study the spatial distribution of defects,
respectively. Micro-Raman analysis shows that linewidths of the diamond peak lower than 2.4 cm ™' can
be easily measured at the growth surface, indicating that the crystalline quality of individual grains is
comparable to that of the best natural diamonds. The excellent phase purity of the diamond microcrystals
at the growth surface is witnessed by the complete absence of any non-diamond carbon feature and by
a very weak luminescence background in the 1.6-2.4 eV spectral range. A worsening of the quality of
the diamond particles is found moving from the growth surface towards the film-substrate interface. A
photoluminescence feature at about 1.68 eV, commonly associated to Si impurities, is distinctly observed
as the exciting laser beam is focused close to the interface. A progressive degradation of the global quality
of the films is found with increasing methane concentration in the gas mixture, as witnessed by an increased
PL background in the films grown at higher methane concentrations.

PACS. 81.05.Uw Carbon, diamond, graphite — 78.30.Am Elemental semiconductors and insulators —

78.55.Ap Elemental semiconductors

1 Introduction

Due to the unique combination of exceptional physical
properties of natural diamond, in the last twenty years
a considerable amount of work has been devoted all over
the world to the growth of synthetic diamond by chemi-
cal vapour deposition (CVD) processes at low-pressures.
The chief motivation of these research efforts has been
the hope of producing, at low-cost, a high-quality ma-
terial with a great variety of potential applications in
microelectronics, optics, micromechanics and, more gen-
erally, in all those fields where advanced devices are re-
quired to operate in extreme environments. Nowadays,
thanks to the maturation of the Microwave Plasma En-
hanced Chemical Vapour Deposition (MWPECVD) tech-
nique, synthetic diamond films possessing all the out-
standing physical properties of natural diamond can be
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obtained in a controlled way. This opens the road to the
realisation of devices fully exploiting the unique proper-
ties of diamond. However, compared to natural diamond
or to single-crystal synthetic diamond obtained by high-
pressure/high-temperature methods, CVD diamond films
grown on non-diamond substrates are polycrystalline and
generally contain a relatively high concentration of impu-
rities and crystal defects. These undesired inclusions may
significantly degrade their optical and electronic proper-
ties, actually limiting the development of new diamond
devices. In this respect, the main technical challenge that
the scientific community is called to face is to improve the
intrinsic quality of individual diamond particles, reducing
the density of crystal defects and impurities incorporated
during the growth process. The possibility of producing
high-quality films is thus strictly connected to a better
understanding of the microscopic structure of the films.
In this context, a key role is played by characterisation
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studies which, clarifying the relationships among growth
conditions and structural properties of the films, may pro-
mote the optimisation of the growth process.

Optical techniques as photoluminescence (PL) and
Raman spectroscopy have proven to be powerful non-
destructive tools for evaluating the quality of diamond
samples. In particular, as impurities and defects gener-
ally possess electronic energy levels within the diamond
band gap, PL spectroscopy is commonly used for study-
ing the nature and the distribution of crystal defects and
impurity-induced optical centres in diamond films. Raman
spectroscopy represents one of the most useful diagnostic
techniques used for characterising diamond films, since
it allows a ready identification of the different carbon
allotropes present in the sample. Natural diamond ex-
hibits a single sharp line at 1332 cm™!, having a full
width at half maximum (FWHM) of about 2 cm™!. Nat-
ural single-crystal graphite shows a single Raman peak
at 1580 cm ™!, while an additional band, activated by the
disorder, appears at about 1350 cm™! in polycrystalline
graphite. Amorphous carbon exhibits a broad asymmetric
band centred around 1500 cm™!, containing two or more
overlapping components located between the two graphite
bands [1]. All these features, together with others not well
identified and a strong luminescence background, are gen-
erally found in the Raman spectrum of CVD diamond
films [1-3]. In particular, the sharp line characteristic of
the diamond structure is generally shifted with respect to
1332 cm™! due to internal stress, and it is much broader
than in natural diamond due to crystal defects or an in-
homogeneous distribution of stress [4,5].

In this work we report on high quality diamond films
grown on single-crystal silicon by MWPECVD using a
CH4-H> gas mixture. On the basis of the results of a pre-
vious systematic study of CVD samples grown using a
CH4-CO4 gas mixture [6], a careful optimisation of both
the experimental set-up and the growth parameters was
carried out.

Raman spectroscopy and PL have been utilised to assess
the quality of the deposited films and to investigate the
defect formation. In particular, a detailed micro-Raman
study shows that the diamond crystals on the growth sur-
face have intrinsic quality comparable to that of unse-
lected natural diamonds, as evidenced by Raman peaks at
1332 cm~! narrower than 2.4 cm~!. Although compara-
ble linewidths have been previously measured on isolated
CVD diamond particles, to the best of our knowledge,
our linewidths take their place among the narrowest ever
reported in continuous diamond films deposited onto non-
diamond substrates.

Due to the columnar nature of CVD diamond growth, a
worsening of the crystalline quality is found moving to-
wards the film-substrate interface. In particular, the di-
amond peak broadens and a large PL band centred at
~ 2 eV, almost completely absent at the growth surface, is
detected moving towards the substrate. In addition, a PL
signal at about 1.68 eV is distinctly observed close to the
interface, whose intensity progressively decreases moving
towards the growth surface. Its depth dependence provides
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further support to the conclusion that the 1.68 eV centre
is related to Si impurities released by the substrate etched
by the plasma at the initial stages of growth [7,8]. Inde-
pendently of the gas mixture, the diamond films deposited
at higher methane concentration show a more defective
crystalline structure, as witnessed by the progressively in-
creasing broadband PL at ~ 2 eV.

The high crystalline quality of these films has been
independently assessed through their highly sensitive per-
formance in UV radiation and a-particle detection [9,10].
A degradation of the detection performance of the films
grown at higher methane concentrations is found, clearly
expected on the basis of the structural characterisation.

2 Experimental

The diamond films used in this study were deposited by
MWPECVD in a microwave reactor realised by a quartz
tube of 50 mm diameter. The growth plasma was produced
in the reaction chamber by excitation with 2.45 GHz mi-
crowaves from a 2 kW commercial magnetron. In order to
increase the nucleation density of diamond particles, the
p-type (100) silicon substrates were pretreated by scratch-
ing with 20 pym diamond power. The substrate size was
typically in the range 5 x 5 —10 x 10 mm?. Both CH4-CO»
and CH4-Hs gas mixtures were used as gaseous precursors
during the deposition process. In order to minimise the
impurity content in the film, ultra pure gases were used
and, before introducing the gas mixture, a base pressure of
about 10~% mbar was achieved in the deposition chamber.
During a typical deposition process, the total gas pressure
was about 120 mbar, the gas flow rate was about 100 sccm,
the microwave power was in the range 400-700 W.

A careful optimisation of both the reactor geome-
try and the plasma energy density was necessary before
achieving the best results. An automatic system was re-
alised for accurately controlling the growth temperature,
measured by an infrared optical pyrometer. The signal
from the pyrometer is sent to a computer that adjust the
output power of the microwave generator in order to main-
tain the substrate temperature to the pre-fixed value. The
geometry of the deposition reactor was modified in order
to minimize the microwave-power losses. An appropriate
water-cooling of the substrate holder was realised in order
to ensure an accurate control of the substrate tempera-
ture. After the optimisation of the experimental setup,
the CHy4-Hy gas mixture was used, owing to the much
lower deposition rates with respect to the CH4-CO2 mix-
ture (~0.9 pm/h against ~4 pm/h).

The Raman scattering measurements were performed
at room temperature on an Instrument S.A. Ramanor
U1000 double monochromator, equipped with a micro-
scope Olympus BX40 for micro-Raman sampling and with
an electrically cooled Hamamatsu R943-02 photomulti-
plier for photon-counting detection. The 514.5 nm line of
an Art ion laser (Coherent Innova 70) was used to ex-
cite Raman scattering; the laser power was about 10 mW
at the sample surface. Using an X100 objective, the laser
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Table 1. Growth conditions and Raman parameters for the four samples of Figure 1.

Sample Ts (°C) CHy (%)

FWHM (cm™")

Anp/Ap Slope (cps/cm™)

A 850
B 850
C 750
D 750

48.1
50.0
48.1
52.0

1.57
2.55
1.45
2.94

8.7
5.2
4.7
24

0.28
0.34
0.06
0.15

beam was focused to a diameter of about 1 pm. Its po-
sition on the sample surface was monitored by a video
camera. A depth resolution of about 2 pym was obtained
with a confocal aperture of 100 pm. A spectral slit width
of ~0.9 em™1! (slit width = 100 pm) was used. All com-
ponents of the micro-Raman spectrometer were fixed on a
vibration damped optical table. Micro-photoluminescence
(u-PL) measurements were carried out at room tempera-
ture by using the same experimental set-up used for micro-
Raman spectroscopy. The 514.5 nm green line (2.41 eV)
of the argon-ion laser was used to excite luminescence;
the spectra were taken in the region 1.6-2.4 eV (100-
6500 cm ™1 in a relative scale).

3 Results before optimisation

Raman and PL spectroscopy have been utilised to com-
pare the quality of the CVD diamond films deposited be-
fore and after the optimisation of both the experimental
set-up and the growth parameters. The effect of the de-
position temperature and the methane concentration on
the film structural properties was clearly established in a
previous systematic study carried out on CVD diamond
samples grown using a CH4-CO2 gas mixture [6].

Figure 1 shows the micro-Raman spectra taken at the
growth surface of four samples grown at two different sub-
strate temperatures (Ts = 750 °C and Ty = 850 °C) and at
different methane concentrations. Their crystalline quality
and phase purity were assessed, respectively, by measur-
ing FWHM of the diamond Raman line at 1332 cm ™! and
by calculating the ratio of the amplitude Axp of the non-
diamond carbon band at about 1500 cm™! to the ampli-
tude Ap of the diamond peak. The growth parameters of
the four samples of Figure 1 are summarised in Table 1,
together with the quality factors FWHM and Anp/Ap.
The average slope of the spectrum, evaluated in the in-
terval 800-2000 cm~! and reported in last column of the
table, gives qualitative information about the sample pho-
toluminescence.

Decreasing the deposition temperature from 850
to 750 °C causes a narrowing of the diamond line
and a lowering of the large non-diamond band around
1500 cm~!. This indicates that better crystalline qual-
ity and higher phase purity are obtained at lower sub-
strate temperature. At both substrate temperatures, the
non-diamond to diamond ratio increases with increasing
methane concentration, which indicates that the incorpo-
ration of graphitic and amorphous carbon within the in-
dividual grains is progressively greater at higher CH4 con-

T,=850 °C T =750 °C

A CH,=48.1% C CH,=48.1%

CH,=50.0%

D CH,=52.0%

e

1500

Intensity (arb. un.)

1200 1500 1800 1200 1800
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Fig. 1. Micro-Raman spectra at the growth surface of diamond
samples grown with the CH4-CO2 gas mixture. The deposition
conditions of the four samples (A, B, C, D) and the fitting
parameters are reported in Table 1.

tent [11,12]. The lower phase purity of the films deposited
at higher methane concentrations is related to the depo-
sition rate, which increases monotonically with increasing
methane concentration.

The u-PL spectra of all the samples grown using the
CH4-COs gas mixture exhibit a quite smooth broad band
centred at about 2 eV (~ 3000 cm™?! in a relative scale),
frequently observed in CVD diamond films under vari-
ous excitation conditions [7,8,13-16]. Figure 2 compares
the p-PL spectra of two diamond samples grown at dif-
ferent methane concentrations ((a) 47.4% and (b) 50.0%)
and having, consequently, different phase purity qualita-
tively measured by the ANp/Ap ratio. The intensity of the
broadband PL increases going from the sample of higher
purity to that of lower purity. In particular, the ratio
Apr/Ap of the PL amplitude to the diamond line ampli-
tude increases of almost a factor of three. Other authors
have previously reported a correlation between broadband
PL and phase purity [7,8]. It has been suggested that the
sp? phase, present in disordered configuration in the di-
amond film, may introduce a continuous distribution of
states within the optical band gap of diamond. The broad
PL band at about 2 eV has been attributed to the optical
transitions in the in-gap state distribution.

Although the spectra of Figures 1 and 2 evidence traces of
non-diamond carbon even within diamond crystals at the
growth surface, the qualitative figures of merit of Table 1
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Fig. 2. Micro-PL spectra of two samples grown at different
methane concentrations (CH4-CO2 gas mixture): (a) CHy =
47.4%; (b) CH4 = 50%.

indicate that the samples grown using the CHy4-CO2 gas
mixture are of quite good quality.

4 Results after optimisation

New diamond samples were grown after modifying the
deposition reactor in such a way as to avoid loss of mi-
crowave power in the vertical section of the NIRIM-type
reactor, thus optimising the coupling of the microwaves to
the plasma. The previously utilised CH4-COs2 gas mixture
was replaced by the CH4-Hy one, which leads to much
lower deposition rates, while the substrate temperature
was fixed at 750 °C. Thanks to the more efficient cool-
ing of the substrate the microwave power could be in-
creased from ~400 W to ~700 W without raising the sub-
strate temperature. In this way, the energy density in the
plasma correspondingly increased by approximately a fac-
tor of two. The optical microscope inspection showed that
the obtained films consist of diamond crystallites having
dimensions in the range 5-20 pum. The film preferential
orientation changed from random to (110) with increas-
ing the methane concentration from 0.6 to 2.2%. The film
thickness, evaluated through a SEM image of the cross
section, correspondingly varied from 30 to 50 um, for
a fixed deposition time of 45 hours. The corresponding
growth rates changed from 0.7 pm/h (for the 0.6% sam-
ple) to 1.1 um/h (for the 2.2% sample).

4.1 Growth surface

Figure 3 shows the u-PL spectrum taken on the growth
surface of a diamond sample grown at 0.6% CH,4 in Ho.
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Fig. 3. Micro-PL spectrum at the growth surface of a sample
deposited using the CH4-Hz gas mixture with 0.6% CHy4. The
diamond Raman line is shown in the inset and its FWHM is
also indicated.

The spectrum is dominated by the sharp diamond Raman
line at about 1332 cm™!, whose intensity is compara-
ble to that measured in a single-crystal diamond used
as reference sample (FWHM = 2 cm™!, peak position
1332 em™!). Its Lorentzian FWHM of only 2.4 cm™!
clearly indicates the very good crystalline quality of the
sample. A so narrow linewidth is not exceptional at the
growth surface of the samples grown under optimised
conditions. Concerning this, it is worth noting that the
FWHM values reported in this work have not been cor-
rected for the slit-induced broadening. Actually micro-
Raman measurements carried out on a great deal of
grains with different morphology show linewidths rang-
ing from 2.1 to about 3 cm™!, while peak positions be-
tween 1332 and 1333 cm™! indicate a low amount of
residual stress. Furthermore, at variance with the samples
grown before optimisation [5], no splitting of the diamond
line has been observed, usually attributed to the presence
of large anisotropic stresses within the film [4,17-19].

Linewidths as narrow as 2.1 cm™! have been re-
cently measured in single-crystal diamond grown by CVD
on single-crystal diamond substrates [20]. Diamond peak
widths comparable to ours have been previously measured
both in large isolated CVD diamond particles (~100 pm,
FWHM = 2.3 cm™!) [21] and in small isolated CVD di-
amond particles (~2 ym, FWHM = 2.7 ecm™!) [22]. As
for CVD diamond films, diamond-peak linewidths compa-
rable to ours have been recently reported by some au-
thors [23-26]. In particular, Coe et al. [24] report on
De Beers CVD diamond films (thickness ~1 mm) with
FWHM of approximately 3 cm™!; Jany et al. [25] show
FWHM values as low as 2.6 cm~! both in 20 gm thick
films and in a 100 pm thick film; Meier [26] measures
linewidths ranging from 2.1 to 2.9 cm~! on ~500 pm
thick films intended for the implementation of particle
detectors. From these literature data, we can say that
the FWHM values reported in the present work are quite
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interesting, especially considering the relatively low thick-
ness of our samples.

The very weak PL band centred at about 2900 cm™?,
the complete absence of any non-diamond carbon fea-
ture around 1500 cm™! and of any other impurity fea-
ture demonstrate the very high phase purity achieved in
the new samples. In particular, the amplitude of the di-
amond peak is more than sixty times greater than that
of the broad PL band. The comparison with Figure 2a
shows that the App/Ap ratio (& 0.016) is more than
twenty times lower than that measured for the best sam-
ple (Apy,/Ap = 0.33) previously grown using the CHy-
CO2 gas mixture [6], before optimising the experimental
set-up.

The films grown at higher methane concentrations
(up to 2.2% CHy) show very high crystalline quality
(FWHM < 3 cm™') and no evidence of graphitic or
amorphous phases, although the photoluminescence back-
ground is slightly higher. It is important to note that the
amplitudes of the broadband p-PL, commonly reported in
the literature for diamond samples of quite good quality,
are comparable or even greater than that of the diamond
Raman line [8]. On the contrary, the amplitude of the
broadband p-PL measured in all our samples is always
more than ten times lower than the diamond line ampli-
tude, which once more clearly demonstrates the excellent
quality of the diamond samples obtained after the optimi-
sation of the experimental set-up.

4.2 Diamond-silicon interface

In order to investigate the dependence of the diamond
grain quality along the growth direction, PL and Raman
measurements were carried out at different focalisation
depths of the laser beam within the film. Figure 4 shows
the pu-PL spectrum taken on the same diamond grain as
in Figure 3, but focusing the laser beam close to the D-Si
interface. The sharp peak at about 520 cm~! is due to the
Raman scattering from the Si substrate. The broadening
of the diamond Raman line (FWHM = 3.6 cm™!) indi-
cates a poorer crystalline quality close to the substrate
interface, where the concentration of grain boundaries is
higher [25].

As for the broadband PL at ~2 eV, the Apy,/Ap ratio
increases from 0.016 to about 0.16 moving from growth
surface to the D-Si interface. Since a possible origin of
this broad PL band is the amorphous sp?-type bond-
ing [7,8], the increase of its intensity going towards the
interface could indicate the presence of traces of sp? de-
fects, not easily detectable through the Raman signature
at 1500 cm™! because of its very low intensity and the
simultaneous presence of the wing of the PL band.

In all our samples a PL emission band at about
5880 cm ™! (~1.68 eV) is detected as the laser beam is
focused close to the interface (Fig. 4). This 1.68 eV fea-
ture is characteristic of CVD diamond films grown on Si
substrates [15,27,28] and many models have been sug-
gested for this center [29-33], all involving substitutional
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Fig. 4. Micro-PL spectrum taken on the same grain of Figure 3
but focusing at the film-substrate interface.

or interstitial Si-vacancy complex. The proposed forma-
tion mechanism [7] for this radiative center is based on the
plasma-etching of the substrate during the early stages of
the growth process. When the diamond grains coalesce to
form a continuous film, no further etching of the substrate
occurs and the incorporation of Si atoms into the growing
film diminishes. According to this model, we find that the
1.68 eV PL intensity decreases going towards the growth
surface, which confirms that the optical centres respon-
sible for the 1.68 eV emission have higher concentration
close to the substrate interface.

4.3 Macro-Raman and macro-PL measurements

The micro-sampling system utilised in this study is indis-
pensable for monitoring the intrinsic quality of individual
grains and analysing the spatial distribution of defects
and impurities. However, in highly inhomogeneous sam-
ples such as polycrystalline CVD diamond films, Raman
microscopy has the obvious disadvantage of providing
strongly variable results from point to point within the
sample [4]. Such a great variability may be a serious prob-
lem when one must compare different samples grown in
almost the same experimental conditions, as for instance
in case of a systematics. In order to be fully represen-
tative, the results obtained on a great deal of different
grains should be properly averaged. The easiest and fastest
means of performing this average is to make use of a macro
sampling system. In the macro excitation mode, due to the
great focus depth and large spot size of the laser beam, the
response of diamond crystallites is averaged over the whole
film thickness and over a circular area of about 100 um
diameter.

Due to grain boundaries, crystal defects and diamond-
silicon lattice mismatch, individual crystallites within the
film undergo different levels of internal stress, determin-
ing different shifts of the Raman peak position over the
single-crystal value. The resulting spatial distribution of
peak positions constitutes the principal mechanism of in-
homogeneous broadening of the macro-Raman lines [5].
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Fig. 5. Macro-PL spectrum of the diamond sample grown at
0.6% CHy4 in Ha.

In our new samples, linewidths of about 3.4 cm™! have
been measured uniformly over the whole film surface. Such
a narrow FWHM, although not surprising due to the very
low values obtained both at the growth surface and the
substrate interface, indicates a quite good global crys-
talline quality of the films. By comparison, the samples
previously grown by using the CH4-COs gas mixture ex-
hibit typical macro-Raman linewidth ranging from ~4 to
~9 cm™1! [6].

Figure 5 shows the macro-Raman (inset) and macro-
PL spectra of the 0.6% CHy4 sample, whose “micro” spec-
tra at the growth surface and interface are reported in
Figures 3 and 4. Compared to the diamond peak, both the
broad PL band and the weak non-diamond carbon band
at ~1500 cm™! are sensibly increased with respect to the
“micro” measurements. In fact, in the macro mode the
highly defective region close to the interface is entirely ex-
cited. Here the total area of grain boundaries, compared
to the grain volume, is enormously greater than at the
growth surface, due to the very small size of the diamond
crystallites. As defects and non-diamond carbon phases
are believed to be chiefly accumulated at the grain bound-
aries [7,34,35], the signals originating from grain bound-
ary regions become more easily detectable. Due to both
the film thickness and the high density of grain boundaries
at the interface, the PL signal of the Si-related centre at
1.68 eV is hard to collect and appears as a very weak band
at ~5880 cm ™! in relative scale.

We find that the intensity of the broad PL band cen-
tred at ~2 eV increases with increasing the methane con-
centration in the growth mixture. Figure 6 shows the PL
spectra of a series of diamond samples grown with CH4%
in the range 0.6-2.2%. The ratio Apy,/Ap, reported in
Figure 7, increases monotonically with increasing CH4%.
An analogous trend is found in the ratio Axp/Ap, al-
though the numerical values are sensibly lower and more
scattered. These results indicate that the quality of the
diamond films deteriorates with increasing CH4% [11,12],
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because of the faster deposition rate occurring at higher
methane concentrations.

Recently, the high quality of these films has been inde-
pendently determined through their remarkable detection
performance. In particular, efficiency data of a-particle
detectors realised using these same diamond films show a
decrease in detection efficiency at higher methane concen-
tration, correlated to the lower global quality of the films
evidenced by Raman and PL measurements [10].

5 Conclusions

In this paper, Raman spectroscopy and photolumines-
cence have been utilised to monitor the quality of syn-
thetic diamond films grown by MWPECVD. A sensible
improvement in the film quality has been obtained after
the optimisation of the experimental set-up and of the
growth parameters.
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Micro-Raman analysis shows that linewidths of the
diamond peak ranging from 2.1 to 3 cm™! can be eas-
ily measured at the growth surface, indicating that the
crystalline quality of individual grains is comparable or
even superior to that of the best natural diamonds. These
FWHM values are among the narrowest linewidths re-
ported to date in continuous diamond films deposited onto
non-diamond substrates. The excellent phase purity of the
individual grains at the growth surface is witnessed by
the complete absence of any non-diamond carbon feature
at ~ 1500 cm™! and by a very weak luminescence back-
ground.

Micro-Raman and p-PL measurements carried out at
different depths within the film show a worsening of the
quality of the diamond particles going towards the D-Si
interface, both in terms of diamond line broadening and
of increase of PL background.

A 1.68 eV PL band, attributed to Si impurity, is ob-
served close to the interface. The disappearing of this
band moving towards the growth surface suggests that
the concentration of the 1.68 eV defect is larger at the
substrate side, providing support to the conclusion that
the 1.68 eV centre originates by plasma etching of the Si
substrate [7,8].

The progressive enhancement of the methane concen-
tration in the gas mixture determines a worsening in the
film quality, witnessed by an increase of the broadband
PL at about 2 eV.

Our experimental results show that the interface zone
is highly defective, due to the presence of small size di-
amond particles, high density of grain boundaries and Si
impurities. The comparison with the results obtained onto
the growth surface suggests that, in our experimental con-
ditions, the basic limitation to an excellent global quality
of the diamond films is not related to the growth param-
eters, which seem to be quite well optimised, but rather
to the presence of a highly defective interface layer. Thus,
excellent quality films for advanced applications should be
easily obtained by simply increasing the film thickness and
by removing the poor quality interface layer.
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