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1. Introduction

Diamond has attracted much attention as a material for
high-power devices, high-frequency devices and ultraviolet
light emitting devices. High-quality diamond and electri-
cal conduction (p-type or n-type) control are desirable to
realize these devices. It is still difficult to obtain n-type
conduction for diamond, because of deep donor states
and/or of difficulties in incorporation of donor dopants
[1-5]. Recently, n-type conduction has been obtained in
phosphorus (P)-doped diamond grown by microwave
plasma chemical vapor deposition (CVD) [1,6,7]. The
temperature-dependent Hall effect measurements have
clearly shown n-type conductivity, and have revealed a
P-related thermal activation energy of 0.6 eV. Addition-
ally, the realization of p-n junctions in diamond has been
reported [8-10]. However, electrical characteristics are
not well understood. In this work, we have systematically
investigated electrical properties of phosphorus doped
n-type diamond associated with donor by capaci-
tance-voltage (C-V) measurements. Also, we have investi-
gated the properties of n-type diamond Schottky barrier
diodes with several kinds of metals to reveal the surface
state of n-type diamond. C-V measurements are useful for
investigating deep traps, which affect the free carrier densi-
ties [11], and built-in potential. We have shown the rela-
tion between net donor concentration and phosphorus con-
centration. The phosphorus electrical activity (the ratio of
donor concentration to incorporated P concentration) was
found to be high independent from the phosphorus concen-
tration. This result indicates that high ratio of the incorpo-
rated P atoms can be ionized. Furthermore, the results of
comparison of the built-in potential between several kinds
of metals implied pinning of the Fermi level at the n-type
diamond surface.

2. Experiments

The P-doped diamond layers were grown by microwave
plasma CVD on Ib {111} diamond substrates, using CH,4
[1]. The dopant source was PH;. Lateral dot-and-plane
(with ring-shaped-gap) Schottky barrier diodes have been
fabricated using Ni, Pt, Al or Ti for Schottky contacts and
AU/Pt/Ti for ohmic contacts. Before fabricating Schottky
barrier diodes, the samples were kept in a mixture of sulfu-
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ric acid (H,SO,) and nitric acid (HNO3) at 200 °C for 30
minutes to remove any graphitic layer. Individual Schot-
tky contact pad was surrounded by the ohmic contact with
20um gap. The ohmic contact was annealed at 973K in N,
ambient and the area was greater than 150 times that of the
largest Schottky contact pad area. |-V measurements and
C-V measurements were carried out to investigate the
Schottky junction properties and the donor characteristics,
respectively (300K-573K). The concentrations of phos-
phorus and residual impurities were determined by SIMS
(secondary ion mass spectroscopy).

3. Results and discussions

Figure 1 shows the typical 1-V curve. The observed |-V
properties clearly showed n-type conduction. The rectifica-
tion ratio was more than 10° at +10V at 473K. The ideality
factor decreased from 3.3 to 1.4 with increasing tempera-
ture from 300K to 473K, however at 573K it slightly in-
creased to n=1.6. The most plausible reason for the im-
provement in the ideality factor is reduction in resistivity of
the diamond layer with increasing temperature. The in-
crease of ideality factor and the large leakage current in
reverse bias at 573K is attributed to the degradation of the
Schottky contact or the interface between the contact and
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Fig. 1. Typical I-V curve at 300K, 373K, 473K and

573K in P-doped homoepitaxial diamond.




the diamond.

The capacitance had a constant value in the low fre-
guency region but it abruptly decreased with increasing
frequency. This threshold frequency decreased with de-
creasing temperature and it was not obtained at 300K.
The observed variation in capacitance could be due to the
high resistivity of the diamond and/or the well-known dis-
persion effect, which occurs when a deep level is unable to
follow the high-frequency voltage modulation and contrib-
ute to the net space charge in the depletion region [14].
These results indicates that the existence of one deep donor
state and the net donor concentration should be determined
in higher temperature and low frequency region in these
n-type diamond.

A typical result of C-V measurements at 1kHz, for the
P-doped diamond layer at 473K is shown in Fig. 2. The net
donor concentration was evaluated to be 6.2X10*" ¢cm™ and
the corresponding built-in potential (V) was 4.0eV, when
the P concentration was 8.3X10% cm™. The value of Vy,
4.0V, is consistent with the expected value of the n-type
diamond Schottky junction formed with Ni and P-doped
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Fig. 3. The net donor concentration as a function of the
phosphorus concentration.
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Fig. 2. Typical C-V curve at 473K in P-doped homoepitaxial
diamond. The applied frequency was 1kHz.
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diamond. However, it was almost independent of the metal
species. This could be due to pinning of the Fermi level at
the diamond surface.

The net donor concentration linearly increased with in-
creasing the phosphorus concentration as shown in fig. 3.
Phosphorus electrical activity (or P-doping efficiency) was
about 0.75. It was found that a relatively high ratio of the
incorporated P atoms is ionized.

4. Summary

We have systematically investigated the electrical prop-
erties of n-type diamond associated with phosphorus related
donor. I-V and C-V measurements were carried out to in-
vestigate the electrical properties of P-related donors in
P-doped homoepitaxial diamond with lateral dot-and-plane
(with ring-shaped gap) Schottky barrier diodes.

The net donor concentration linearly increased with in-
creasing the phosphorus concentration. It was found that a
high ratio of the incorporated P atoms is ionized.

The result that the built-in potential was almost inde-
pendent of metal species implied pinning of the Fermi level
at the diamond surface.

Acknowledgements

The authors would like to thank to Y. Takada, Dr. S. Nunoue,
Dr. M. Ezaki, T. Oka, M. Onomura and K. Tsuda for their help
and advice concerning electrode fabrication.

This work has been performed as a part of Advanced Diamond
Device project, which is supported by METI through NEDO.

References
[1]S. Koizumi, T. Teraji and H. Kanda, Diam. Relat. Mater. 9
(2000) 935.
[2]T. Saito, M. Kameta, K. Kusakabe, S. Morooka, H. Maeda, Y.
Hayashi and T. Asano, Jpn. J. Appl. Phys. 37 (1998) L543.
[3]1. Sakaguchi, M. N. -Gamo, Y. Kikuchi, E. Yasu and H. Haneda,
Phys. Rev. B 60 (1999) R2139.
[4]T. Miyazaki and H. Okushi, Diam. Relat. Mater. 10 (2001) 449.
[5] E. Gheeraert, N. Casanova, A. Tajani, A. Deneuville, E. Bus-
tarret, J. A. Garrido, C. E. Nebel and M. Stutzmann, Diam. Re-
lat. Mater. 11 (2002) 289.
[6] S. Koizumi, M. Kamo and Y. Sato, H. Ozaki and T. Inuzuka,
Appl. Phys. Lett. 71 (1997) 1065.
[7] M. Nesladek, K. Haenen, J.D’Haen, S. Koizumi and H. Kanda,
phys. stat. sol. 199 (2003) 77.
[8] S. Koizumi, K. Watanabe, M. Hasegawa and H. Kanda, Sci-
ence 292 (2001) 1785.
[9] M. Nesladek, Semicond. Sci. Technol. 20, (2005) R19.
[10] K. Horiuchi, A. Kawamura, T. Ide and T. Ishikura, Jpn. J.
Appl. Phys. 40 (2001) L275.
[11] L. C. Kimerling, J. Appl. Phys. 45 (1974) 1839.
[12] M. Suzuki, S. Koizumi, H. Yoshida, N. Sakuma, T. Ono and
T. Sakai, Appl. Phys. Lett. 84 (2004) 2349.
[13] T. Teraji, S. Koizumi and H. Kanda, phys. stat. sol. a
181 (2000) 129.
[14] G. H. Glover, Solid-State Electron. 16 (1973) 973.



	typ_page1: -217-


