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Abstract

The microwave plasma-assisted deposition of reproducible and homogeneously n-type phosphorus-
doped polycrystalline (microcrystalline) diamond films on silicon substrates is described. The phosphorus
incorporation is obtained by adding gaseous phosphine (PH3) to the gas mixture during growth. The low
CHy/H; ratio (0.15 %) and the use of the same growth parameters as for homoepitaxial {111} films, led to
a good crystalline quality of the continuous polycrystalline diamond layers, confirmed by SEM images
and Raman spectroscopy measurements.

Secondary-ion mass spectrometry (SIMS) analysis measured a phosphorus concentration [P] of at
least 7 x 10'" em™. Cathodoluminescence spectroscopy in our P-doped polycrystalline films shows a
phosphorus bound exciton (BE™) peak between 5.142 and 5.181 eV. Cathodoluminescence and Raman-
effect spectroscopy confirmed the improvement of the crystalline quality of our films as well as a de-
crease in the intensity of the internal strain when the grain size was decreased. Cathodoluminescence im-
aging and SIMS depth profile of phosphorus demonstrated a very good homogeneity of phosphorus in-
corporation in the films.

Keywords: n-type doping, MPCVD polycrystalline diamond, phosphorus incorporation.

1 Introduction

Though p-type doping of diamond has been well established for quite a long time [1], and is consid-
ered relatively easy to obtain, mainly by adding a source of boron atoms to the gas mixture during
growth, n-type doping of diamond films however remains an issue. Up to now, very few laboratories
around the world have demonstrated their ability to achieve n-type doped homoepitaxial diamond films
[2-4]. Different elements have been used for the n-type doping of diamond, including sulphur [5] and
nitrogen [6]. Unfortunately, the efficiency of doping by such elements was limited. A new way to obtain
n-type doping in diamond films is the creation of boron-deuterium (B-D,) complexes by diffusing deute-
rium atoms into the diamond layer. Though promising results have been published [7], this process is not
well understood and the stability of the B-D, at high temperatures is a serious limitation.

The first reproducible and relatively efficient n-type doping of {111}-homoepitaxial diamond films
has been successfully achieved by S. Koizumi et al [2] in 1997. Yet today, phosphorus is still the most
effective and known n-type dopant of diamond. Recently, the success of H. Kato et al. [8] in achieving
the first n-type phosphorus-doped {100}-homoepitaxial diamond films demonstrated the possibility of n-
type doping within this crystallographic orientation.

In contrast, only a few attempts of doping polycrystalline films by phosphorus incorporation have
been undertaken [9, 10]. This is possibly because of the well known sensitivity of phosphorus incorpora-
tion to the crystalline quality [11], usually lower in polycrystalline than in homoepitaxial films.

To our knowledge, H. Sternschulte et al. [9] have been the first to prove by cathodoluminescence
measurements the possibility of n-type doping in polycrystalline diamond films using phosphorus incor-
poration. M. Nesladek et al. [10] have achieved phosphorus doped polycrystalline diamond films using a
specific homoepitaxial growth strategy. After growing a thick undoped polycrystalline diamond layer




©CoO~NOOA~WNE

onto the silicon substrate, the top of the diamond layer was polished, and then a second layer of phospho-
rus doped diamond was deposited on the polished surface of the first. The morphology of their polycrys-
talline films is similar to that of homoepitaxial films (large grain size, the phosphorus doped layer is not
deposited directly on the silicon substrate).

In this work, we present the first n-type phosphorus-doped polycrystalline diamond films deposited
directly on silicon substrates. The concentration of phosphorus is measured by secondary-ion mass spec-
trometry (SIMS). The influence of the grain size on the residual strain in the films as well as on their
crystalline quality was also discussed using low-temperature cathodoluminescence and UV-excited Ra-
man spectroscopy measurements.

2 Experimental details

The polycrystalline diamond films presented in this work have been deposited directly on {111}-
oriented silicon substrates, using the microwave plasma-assisted chemical vapour deposition technique
in a NIRIM-type reactor. In order to enhance the diamond nucleation density, the silicon substrates have
been mechanically scratched by an industrial paste containing 9um-sized diamond powder. Low CH4/H,
ratio (0.15 %) was used in order to obtain the necessary high crystalline quality to which the incorpora-
tion of phosphorus in diamond films is very sensitive [2, 8]. The subsequent growth rate was typically
0.1-0.2 um/h. The phosphorus/carbon (P/C)yg ratio was 1000 ppm in the gas phase for all samples. The
temperature and the total pressure of the gases during growth were 880 °C and 30 Torr respectively.

Cathodoluminescence measurements have been performed at liquid helium temperature (5K) and high
vacuum (4 x 10 Torr), using a Quanta 200 SEM equipped with a low temperature stage and a collecting
mirror coupled to a CCD array through a high-resolution R 460 Jobin & Yvon spectrometer using elec-
tron beam voltages between 0.2 and 30 kV. The spectra have been recorded each one during 150 s, be-
tween 4.9 and 5.4 eV (exciton energy range). The experimental points are recorded each 0.9 nm, there-
fore with an energy resolution of 2 meV.

Raman spectra were recorded under ambient air at room temperature using a Jobin & Yvon LabRam
infinity micro-Raman spectrometer equipped with a liquid-nitrogen-cooled CCD detector, under excita-
tion at 325 nm from a He—Cd laser source. Using a grating of 2400 gr.mm™, the resolution of the spec-
trometer was less than 2 cm™.

High resolution SIMS analysis using Cameca IMS 4f equipment have been performed to measure the
phosphorus concentration as well as the depth distribution of other impurities (Si, O). Cs” was chosen as
primary ion source and accelerated to 10 keV. Phosphorus concentration has been quantified using
{111}-homoepitaxial standard samples. The absolute accuracy is estimated to be around +10%.

3 Results and discussion

Fig. 1 displays the scanning electron microscopy images from the 3 phosphorus doped polycrystalline
films investigated in this paper and exhibiting different grain sizes, together with their respective ca-
thodoluminescence spectra in the exciton energy range. The main shape of the grains’ facets is triangu-
lar, indicating a main crystallographic orientation of the grains within {111} axis. We know from ho-
moepitaxial diamond films, that the incorporation of phosphorus is more efficient within {111 }-oriented
surfaces than within {100}. This is favorable in our case, as our aim is to achieve the maximum incorpo-
ration of phosphorus atoms in our films. Nevertheless, these films are not highly oriented (no bias ap-
plied during growth), we notice in particular in the PN04 layer the existence of more square shaped fac-
ets indicating {100}-oriented grains.

The growth time of the PN 10 layer was 48 hours, which led to a grain size of 6 pm (Fig. 1). Cathodo-
luminescence spectrum from this film clearly exhibits the peak corresponding to the bound exciton re-
lated to phosphorus (BE'®p) at 5.142 V. This proves that the incorporation of phosphorus in our poly-
crystalline films has effectively occurred [8, 9, 12, 13]. Moreover, the presence of this peak means that
the phosphorus is at the doping site (substitutional site) from the diamond lattice, and therefore demon-
strates the n-type doping in our polycrystalline diamond films.
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The position of the BE'® peak is given at 5.18 eV in the literature for phosphorus doped {111}-
homoepitaxial diamond films [12, 13]. In our phosphorous-doped polycrystalline films, the BE™, peak
shifts to lower energies as the film thickness, the grain size and the internal strain increase together. In
the PN10 layer (average grain size of 6 pm), the position of the BE™p peak is downward shifted to 5.142
eV. For a growth duration of only 20 hours in the PN11 film, the average grain size is 3 um, leading to a
position of the (BE™p) peak at 5.160 eV. This position is closer to that of the (BE™}) in the homoepi-
taxial phosphorus doped films (5.180 eV) than that observed in the thicker PN10 sample. In the PN04
film (10 hours deposition leading to 1pm-sized grains) the position of the BE™} peak is at exactly 5.181
eV, which is the usual position of this peak in homoepitaxial phosphorus doped diamond films [2, &, 14,
15]. While the presence of internal strain will be confirmed by the Raman measurements presented later
in this work, the downward shift of the BE™ could not be attributed to any specific effect as in this
study the grain size, thickness, internal strain and possibly doping level were not independent from each
other.

The full-width at half maximum (FWHM) of the BE'™®, peak can be related to the crystalline quality
of the film [16]. The higher the crystalline quality, the lower is the FWHM of its BE™} peak. The value
of this parameter decreases in our films as the grain size decreases, which means that the crystalline
quality is improved for lower grain sizes. Among the films presented in this paper, the PNO04 layer exhib-
its the best crystalline quality as the FWHM of its BE™} peak is only 18 meV. This is supported by the
presence of the free exciton on its cathodoluminescence spectrum, while it is absent from the spectra of
the thicker films.

Fig. 2 displays the detail of the exciton energy range from the PN04 film cathodoluminescence spec-
trum. Referring to the results of {111} films, the peaks at 5.322 eV, 5.241 eV, and 5.025 eV are due to
P-donor bound-exciton emission associated with non-phonon NP, transverse acoustic TA, and TO+O
phonons respectively. The presence of these peaks and in particular of the non-phonon emission, con-
firms that the phosphorus is located at the substitutional sites of the diamond lattice as donor atoms and
that the crystalline quality is relatively good [16]. We know from homoepitaxial diamond films that the
incorporation of phosphorus is more efficient within {111} than within {100} crystallographic axis [8].
In our polycrystalline films, we have compared the cathodoluminescence spectra of {100} and {111}
facets from the same grain in the PNO4 film. Fig. 3 shows the result of this comparison after the two
spectra have been normalized on the Free-exciton peak (FE™). It is clear that the intensity of the bound
exciton related to phosphorus (BE™%) is higher within the {111} than within the {100} axis. The ratio
between the intensities of the bound and the free exciton peaks (Igg / Irg) is directly related to the phos-
phorus incorporation [17]. Moreover, the beam size in the conditions of our cathodoluminescence meas-
urements is smaller than the size of each facet. Therefore we can conclude that the phosphorus concen-
tration [P] is higher (by about 30 %) within {111} than within {100} axis.

Fig. 4a shows the Raman spectra of the films studied in this work, normalized to the diamond Raman
first order peak, usually situated at 1332 cm™ in natural diamond crystals [18] as well as in homoepi-
taxial [19] and polycrystalline [20] CVD diamond films. The G-band at 1572 cm™ is the signature of the
sp’C (C=C bounds) [21]. In polycrystalline diamond films, the sp>C is located mainly in the grain
boundaries [22]. The intensity of the G-band is very weak in the PNO4 film because the grain boundaries
are not completely formed. The carbon phase purity in this film is therefore relatively high. Comparing
all films, the intensity of the G band and thus the sp?C concentration is higher when the thickness and
grain size increase.

The structures forming the diamond Raman second order spectrum of the PN04 layer shown with a
scale expansion in Fig. 4a are well defined. In a previous work we have shown that the diamond second
order structures situated at 2177, 2333, 2467, and 2667 cm™ " soften and broaden as the crystalline quality
decreases [23].

Fig. 4b shows a scale expansion around the diamond Raman first order peaks from the films PN04,
PN10 and PN11, brought to the same intensity. The position of this peak is exactly at 1332 cm™ in PN04
film indicating no or very weak strain in it. The diamond first order peak position in PN10 and PN11 is
upward shifted to 1336 cm™'. Keeping in mind that the resolution of the Raman spectra is less than 2 cm’
!, this upward shift indicates a strong compressive strain in these two films [24]. The upward shift of the
diamond first order peak to 1336 cm™ in PN10 and PN11 films is attributed to the residual strain gener-
ated during their growth. The mechanism responsible for the generation of this strain is explained as
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following: At the first stages of the growth, the diamond nuclei appear separately on the silicon substrate
and are only weakly strained. A further growth leads to an increase of the three-dimensional expansion
of the grains until they reach each other forming a continuous diamond layer (coalescence). If the growth
continues beyond the coalescence step, the grains tend to push each other, generating thus the compres-
sive strain which is responsible for the upward shift of the diamond Raman first order peak to higher
wavenumbers. The SEM image of the PN04 film (Fig. 1) indicates that the coalescence step described
above is just reached in this film, which means a very weak strain and therefore a position of its diamond
first order peak at 1332 cm™ (not shifted).

The FWHM of the diamond first order peak is about 6 cm™ in the PNO04 layer (grain size: 1 pm) indi-
cating a relatively high crystalline quality of this film. The value of this parameter increases to 11 cm™'
for PN11 (grain size: 3 pm) and further to 14 cm' in PN10 (grain size: 6 um). The FWHM of the dia-
mond Raman first order peak is inversely proportional to the phonon lifetime, which is shortened by the
defects present in the diamond lattice [25]. This means that the lower the FWHM, the higher is the crys-
talline quality of the films. Thus, the crystalline quality is improved when the grain size in our films
decreases.

The phosphorus concentration in the PNO4 film is measured by secondary-ion mass spectrometry
(SIMS). The depth profile of phosphorus is plotted on Fig. 5. The phosphorus concentration is 7 x 10"
cm. This value remains constant within the whole thickness of the film (2.5 um) and is comparable to
the state-of-the-art maximum concentration of phosphorus in homoepitaxial diamond layers, which is ~ 5
x 10" cm™ in {111} [26] and 10" cm™ in {100} films [27]. From Fig. 1, the morphology of the grain
facets’ shapes in the PNO4 film in which the [P] has been measured, exhibits a large part of {100} ori-
ented grain in which the incorporation of phosphorus is 30 % lower than in the {111} oriented grains, as
demonstrated above in Fig. 3. The other films PN10 and PN11 are largely dominated by {111} oriented
grains. This logically means that their [P] is higher than 7 x 10"7 cm™ and could reasonably reach 10'®
cm. Other impurities (O and Si) have also been detected during the SIMS measurements. Silicon atoms
are more likely to rise from the substrate through the diamond layer. Contamination by silicon from the
reaction chamber made from fused silica is not excluded.

We attribute the presence of oxygen atoms in our films to residual air in the reaction chamber or in the
gases used in the growth. The concentration of oxygen atoms (not shown) significantly increases close to
the film’s surface. In a previous work, we reported a significant concentration of oxygenated chemical
groups at the surface and subsurface of as grown homoepitaxial [28, 29] and polycrystalline diamond
films [29]. Therefore this increase is attributed to a slight oxidation of the surface and subsurface by
ambient air in which the samples were kept before the SIMS measurements have been performed.

After checking the distribution of phosphorus incorporation within the entire thickness of the PN04
layer, it is also necessary to check its repartition on the whole area of the film. To do so, we have per-
formed cathodoluminescence images at the energy of the bound exciton related to phosphorus (BE'%p).
Fig. 6b shows the results on a typical area of 21 x 21 um’ from the PN04 film. The bright points are
generated by emission from the BE™® and thus correspond to a doped area, while the dark points trans-
late the absence of the BE™; and therefore a non-doped area. When comparing the cathodoluminescence
image (Fig. 6b) to the SEM image (Fig. 6a) from the same area, it is clear that the bright points corre-
spond exactly to the grains and the dark points to the grain boundaries and the uncovered areas of the
silicon substrate. This means that the entire diamond layer is doped with phosphorus. The grain bounda-
ries are mainly constituted by sp’C (non-diamond phases) and thus no phosphorus doping is expected in
them. The homogeneity of the n-type doping with phosphorus in our polycrystalline diamond films is
thus successfully revealed.

4 Conclusion

In this work, we have demonstrated the possibility of achieving reproducible and homogeneously n-
type phosphorus-doped polycrystalline diamond films, deposited directly on silicon substrates (without
buffer layer). During this study, we have presented 3 typical films, from a set of 12 deposited layers. All
of them have been found by cathodoluminescence to be successfully doped with phosphorus. Raman
spectroscopy measurements have revealed that when the grain size is decreased, the residual compressive
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strain intensity in the films decreases and their crystalline quality is improved. This improvement of the
crystalline quality when the grain size decreases, has also been confirmed by cathodoluminescence
measurements. The phosphorus concentration has been measured by secondary-ion mass spectrometry
(SIMS) in one of the films (PN04) to be 7 x 10'” cm™. We have confirmed in this work, by cathodolumi-
nescence measurements, that the incorporation of phosphorus is more efficient within {111} than within
{100} crystallographic direction even in the same grain. This means the PN04 layer containing a large
part of {100} oriented grains, is likely not to be the most doped film. It is therefore reasonable to expect
a higher concentration of phosphorus in the two other layers (PN10 and PN11) which contain mainly
{111} oriented grains. The SIMS depth profiles have also shown the presence of other impurities (O, Si)
with weak concentrations.

Finally, both SIMS depth profile of phosphorus and cathodoluminescence images have respectively
demonstrated the homogeneity of the phosphorus incorporation within the whole thickness and its uni-
form distribution on the entire area of the film.
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Figure caption:

Fig. 1. SEM images and cathodoluminescence spectra from the n-type phosphorus-doped polycrystalline
diamond films PN04 (grain size : 1um), PN11 (grain size : 3um), and PN10 (grain size : 6pum)

Fig. 2. Details of the exciton-energy range from the cathodoluminescence spectrum of the PN04 layer
(grain size : 1um)

Fig. 3. Cathodoluminescence spectra from {111} and {100} facets of the same grain in the PN04 layer,
normalised on the intensity of the FE™

Fig. 4. (a): Raman spectra of the samples PN04 (grain size : 1um), PN11 (grain size : 3pm), and PN10
(grain size : 6um), normalised on the diamond first order peak, (b): Scale expansion around diamond
first order peak positions

Fig. 5. SIMS depth profile of phosphorus atoms in the film PN04

Fig. 6. (a): SEM image of 25 x 25 um? area from the film PN04, (b): Cathodoluminescence image cen-
tred on the BE1o" energy (5.181 ¢V) from the same area
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Fig. 1. SEM images and cathodoluminescence spectra from the n-type phosphorus-doped
polycrystalline diamond films PNO4 (grain size: 1um), PN11 (grain size: 3um), and PN10 (grain
size: 6um)
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Fig. 2. Details of the exciton-energy range from the cathodoluminescence spectrum of the PN04 layer (grain
size : lpum)
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Fig. 3. Cathodoluminescence spectra from {111} and {100} facets of the same grain in the PN04 layer,
normalised on the intensity of the FE™
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Fig. 4. (a): Raman spectra of the samples PN04 (grain size : 1um), PN11 (grain size : 3um), and PN10 (grain
size : 6um), normalised on the diamond first order peak, (b): Scale expansion around diamond first order peak
positions
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Fig. 5. SIMS depth profile of phosphorus atoms in the film PN04
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Fig. 6. (a): SEM image of 25 x 25 um? area from the film PN04,
(b): Cathodoluminescence image centred on the BEro" energy (5.181 eV) from the same area.
Both images have been recorded in the same conditions (5K, 25 kV)



