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Visible luminescence between 2.0-3.5 eV of diamond films formed with plasma-assisted chemical vapour deposition has
been investigated by cathodoluminescence (CL). In the films where the contents of nitrogen and boron are expected to be
lower, the emission peak occurs at higher energy (2.8 eV). These emission spectra are very similar to those obtained in type
Ila diamond. The CL intensity has been much increased by boron doping during deposition. The luminescence
mechanism is explained by donor-acceptor pair recombination. From the CL imaging, {100} sectors are much more
luminescent than {111} sectors. This phenomenon indicates the difference in impurity concentration of each sector.

1. Introduction

Cathodoluminescence (CL) measurements have
been frequently used for the study of luminescent
properties of wide-band-gap materials such as
diamond"”, where the band-gap is 5.5 eV and
electron bombardment is effective in band-to-band
excitation. In bulk diamond, CL studies combined
with imaging obtained by an optical or electron
microscope have clarified the distribution of crystal
defects®™ and growth sectors® which show dis-
tinct differences in the CL spectra and images. In
vapour-deposited diamond films, only a little infor-
mation has been reported””®. A comparative study
of vapour-deposited films with those of both natu-
ral and high-pressure synthesized diamond is
needed to understand the growth kinetics and the
effects of impurities.

In bulk diamond, a broad emission band, the
peak of which is at 2.3-3.0 eV (yellow-green to
purple on visual inspection) has been called “band
A” emission”. Band A has been explained by the
recombinations of electrons and holes at donor-
acceptor pairs (D-A pairs)”. In the radiative transi-
tion model, the donor is believed to be nitrogen
dimar and the acceptor is substitutional boron.

However, the properties of band A emission depen-
dent on the amount of doping of these impurities
have not been systematically investigated, because
of difficulty in the control of doping even in high
pressure synthesis. The vapour deposition of dia-
mond has advantages in this sense. In this study we
have focused on the properties of band A emission
in vapour-deposited films, through the study of the
luminescent properties of boron doping in the
films.

2. Experimental procedure

Diamond particles and films are synthesized by
microwave plasma chemical vapour deposition
(CVD)'? or magneto-microwave plasma CVD'"
on Si(100) substrates. The reaction gases used in
the experiment were CH4(0.5%)/H., CO(5%)/H:
and CH4(5%)/ O2(1%)/ H> mixtures. Boron doping
was carried out during the depositions using BHs
diluted with H,. The substrate temperatures were
between 850-900°C, and the thicknesses of the
films were 2-4 um.

For the CL experiments, a scanning electron
microscope (JSM-840) was used. This system in-
cluded a semi-ellipsoidal mirror, a monochromator,
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Formation of CL images dependent on the
growth sectors is influenced by the penetration
depth of electrons, especially in small particles
formed by vapour deposition. The image obtained
in Fig. 3(b) is formed by photons emitted from the
internal region of each sector and not from the
surface areas. Since the particle size is large in Fig.
5 compared with the penetration depth, CL images
shown in Fig. 5 are not much affected by the
accelerating electron voltage.

The effects of boron doping on the CL proper-
ties are shown in Fig. 6. Figures 6(a) and (b) show
CL spectra of undoped and boron-doped diamond
films formed by CH4(0.5%)/H. and CO(5%)/H:
mixtures, respectively. Boron doping increases the
CL intensity by 3-10 times at the same electron
density of about 1 #A/mm?. The emission peaks
are located at 2.35-2.40 eV, which is 0.40-0.45 eV
below those of undoped samples. The increase of
CL intensity can be explained by the increase of
boron dopants, some of which become acceptors
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in D-A pair recombinations. The intensities of
boron doped films have been increased with the
increased current density up to 100 A /mm”.

The emission peaks move to higher energies
with increasing electron current density. Some of
these examples are shown in Fig. 7. In Fig. 7, the
peak shifts from 2.40 eV to 2.75 eV by the increase
of electron current density. This peak shift is one
piece of evidence of D-A pair recombination. In
the recombination, the closer pairs contribute to
the higher energy emission because of coulomb
interaction”. In the films where impurities are
scarce, the recombinations are already saturated at
distant pairs but not at close pairs, because the
transition probability is much less in the former.
As a result, the higher energy emissions predomi-
nate as shown in Fig. 1. However, in boron-doped
films, the recombinations are not saturated because
of rich emission centers and the emission stays in
the lower region. The emission spectra move to
higher energies with increasing electron current
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Fig. 6. CL spectra of undoped and boron-doped diamond films of the same thickness. The CL measurement has been
carried out under the same conditions. The accelerating voltage is 15 keV; the electron density is about 1 gm/mm?. (a)
Films deposited using a CO(5%)/H. mixture. Spectra A and B are boron-doped (B/C=1000 ppm) and undoped
respectively. (b) Films deposited using a CH4(0.5%)/ H. mixture. Spectra A and B are boron-doped, B/ C=200 ppm and
B/C=1000 ppm respectively. Spectrum C is undoped. B/C is the ratio of boron and carbon atoms in the reaction gas.
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Fig. 7. CL spectra of boron-doped diamond films at various
electron current densities. Electron scanning areas are varied at
the same probe current. The ratio of areas is A:B:C=10*10%1.
B/C is 200 ppm. The films have been deposited using a
CO(5%)/H2 mixture.

density, as shown in Fig. 7; they are due to the
saturation of the recombinations at distant pairs
relative to those close pairs. The shift caused by
saturation easily occurs in the lightly doped films
(Fig. 7), but is not so distinct in the heavily doped
films (not shown here).

The effect of nitrogen as the donor of radiative
recombination is not clear in the present experi-
ment. The CL intensity is much increased by
boron doping of films which avoid nitrogen
doping. But, in the films where the contents of
both nitrogen and boron are relatively high, the
CL intensity is not higher than those of undoped
films (Fig. 2). Since high emission areas have been
located near dislocations in single crystalline type
Ila and IIb diamond, there is a possibility that
some kind of crystal defect in the films might be

the donor for the radiative recombination at D-A
pairs. High precision measurement of nitrogen in
the films is needed for further discussions.

As a semiconducting property, Figure 8 shows
the current-voltage characteristic of the interface
between metal and diamond film, the CL spectra
of which are shown in Fig. 7. A rectifing property
due to the Schottky barrier has been obtained. The
breakdown voltages exceed 100 V in some cases.
The same characteristics in polycrystalline diamond
films have already been reported'”. When reverse
breakdown voltages are lower than that in Fig. §,
weak visible light (between blue and green) appears
at the point contact area. This can be explained by
electron-hole pair generation due to avalanche
breakdown or microplasma breakdown'”. Schottky
barrier formation and light emission at contact,
even in the polycrystalline films, show the potential
for fabricating light-emitting devices using vapour-
deposited diamond films.
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Fig. 8. Current-voltage characteristic obtained at a point
contact on semiconducting polycrystalline diamond film.

4. Conclusions

1. The visible luminescence spectra show that
peaks occur at different energies between 2.4-2.8
eV (yellow-green to purple-blue). These spectra
can be explained by pair emission such as the
recombination of electrons and holes at donor-
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acceptor pairs.

2. In films where the content of nitrogen and
boron is expected to be lower, the peaks occur at
higher energies (2.8 eV). The results are very
similar to type Ila bulk diamond. The addition of
boron to the films increases the CL intensity and
lowers the energy of the peaks (2.4 eV).

3. {100} sectors are luminescent, whereas {111}
sectors are not. This phenomenon is very similar to
the results of bulk diamond synthesized by high-
pressure processes.

4. In semiconducting polycrystalline diamond
films, light emission due to the Schottky barrier
can be obtained at metal/diamond interfaces,
which indicates the potential of fabricating light-
emitting devices using vapour-synthesized diamond
films.

Acknowledgements. The authors are grateful to
Idemitsu Petrochemical Inc. for technical support. They
also wish to thank Shimadzu Co. and Osaka Diamond
Industrial Co. for technical cooperation, and Semi-
conductor Energy Laboratory Inc. for collaboration in
developing the magneto-microwave plasma CVD system.
This work was supported in part by a Grant-in-Aid for
Developing Research (63850008) from the Ministry of
Education, Science and Culture of Japan.

1)
2)

3)

8)

9)
10)
1)

12)

13)

REFERENCES

A. T. Collins, Diamond Res. 37 (1978).

G. Davies, The Properties of Diamond, ed. J. E. Field,
Academic Press, London, 1979, Chap. 5.

P. L. Hanley, 1. Kiflawi, and A. R. Lang, Phil. Trans. R.
Soc. A 248, 329 (1977).

N. Sumida and A. R. Lang, Philos. Mag. A 43, 1277
(1981).

N. Yamamoto, J. C. H. Spence, and D. Fathy, Philos.
Mag. B 49, 609 (1984).

G. S. Woods and A. R. Lang, J. Cryst. Growth 28, 215
(1975).

V. S. Vavilov, A. A. Gippius, A. M. Zaitsev, B. V.
Deryaguin, B. V. Spitsyn, and A. E. Aleksenko, Sov.
Phys. Semicond. 14, 1078 (1980).

H. Kawarada, K. Nishimura, T. Ito, J. Suzuki, K. S. Mar,
Y. Yokota, and A. Hiraki, Jpn. J. Appl. Phys. 27, L683
(1988).

P. J. Dean, Phys. Rev. A 139, 588 (1965).

M. Kamo, Y. Sato, S. Matsumoto, and N. Setaka, J.
Cryst. Growth 62, 642 (1983).

H. Kawarada, K. S. Mar, and A. Hiraki, Jpn. J. Appl.
Phys. 26, 11032 (1987).

G. Sh. Gildenblat, S. A. Grot, C. R. Wronski, A. R.
Badzian, T. Badzian, and R. Messier, Appl. Phys. Lett.
53, 586 (1988).

A. V. Bogdanov, 1. M. Vikulin, and T. V. Bogdanova,
Sov. Phys. Semicond. 16, 720 (1982).



