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Electron emission from conduction band of diamond with negative electron affinity
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Experimental evidence explaining the extremely low-threshold electron emission from diamond reported in
1996 has been obtained [K. Okano ef al., Nature (London) 381, 140 (1996)]. Direct observation using com-
bined ultraviolet photoelectron spectroscopy/field-emission spectroscopy proved that the origin of field-
induced electron emission from heavily nitrogen (N)-doped chemical-vapor deposited (CVD) diamond was at
conduction-band minimum utilizing negative-electron affinity (NEA). The significance of the result is that not
only does it prove the utilization of NEA as the dominant factor for the extremely low-threshold electron
emission from heavily N-doped CVD diamond but also strongly implies that such low-threshold emission is
possible from other types of diamond and even other materials having NEA surface. The low-threshold voltage,
along with the stable intensity and remarkably narrow energy width, suggests that this type of electron emis-
sion can be applied to develop a next generation vacuum nanoelectronic devices with long lifetime and

high-energy resolution.
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I. INTRODUCTION

Electron-field emission from a diamond surface has at-
tracted much attention due to the fact that this material was
reported to exhibit negative-electron affinity (NEA).'-3 Fur-
thermore, the development of the chemical-vapor deposition
(CVD) technique for growing diamond at atmospheric
pressure* accelerated research in this field.>® Although the
threshold voltage/field was not as low as expected from
theory, there have been many reports concerning electron
emission from this surface,””!3 largely because the diamond
surface is extremely chemically inert. The inertness prevents
the diamond surface from aging, a process often observed in
field-emission studies of metals.'* Attempts to utilize NEA
did not quite lead to the fabrication of practical cathodes
made of diamond due to difficulties in achieving the n-type
electrical conduction, which seemed to be the only solution
to realize the predicted low-threshold electron emission from
the NEA surface.

Reports concerning electron emission from diamond can
be categorized into three main types from the perspective of
the emitted electrons’ origin. These are: (i) emission from the
conduction band (CB) utilizing NEA, (ii) emission from the
impurity band, and (iii) emission from the valence band.

The expected scenario for achieving low-threshold emis-
sion is only possible in type (i) because the electron affinity
plays a less important role in type (ii) and makes almost no
contribution to the electron emission categorized in type (iii).
The reason is that the energy origin of the emitted electrons
is too low and the barrier formed at the diamond/vacuum
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interface generally prevents low-threshold emission.

There are only a few reports, which might be categorized
into type (i). The first was electron emission from heavily
nitrogen (N)-doped CVD diamond reported by one of the
present authors (KO) in 1996.'5 The second is the triple junc-
tion emission reported by Geis in 1998.'¢ Theoretical inter-
pretations of these experimental results were made by many
researchers, reflecting the importance of these two
reports.!”20 To the best of the present authors’ knowledge,
all the other reports describe emission at higher threshold
voltage/field, which implies that they can be categorized as
type (ii) or (iii). Type (ii) consists of CVD diamonds doped
with impurities. Although the origin differs slightly, emission
from the impurity band was reported from P- and lightly
N-doped CVD diamonds.?"?? A typical example which was
shown to be type (iii) was the natural IIb diamond. The ori-
gin was found to be at the valence-band maximum (VBM)
by Bandis and Pate in 1996.>* The majority of reports on
field emission from diamond describe type (ii) or (iii), and
these discouraged extensive experimental research trying to
use diamonds as a cathode in next-generation vacuum nano-
eletronic devices.

This report presents experimental evidence for the origin
of the field-induced electron emission from heavily N-doped
CVD diamond, which proves that the emission can be cat-
egorized as type (i). The results clearly describe the unique
origin of the “extremely low-threshold electron emission,”
for which the phenomenon itself was reported in 1996.!% In
addition, the results showed the electrons emitted from the
diamond exhibit stable intensity and remarkably narrow en-
ergy width, two factors vital for next-generation vacuum na-
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FIG. 1. Schematic of combined XPS/UPS/FES system.

noeletronic devices with long lifetime and excellent high-
energy resolution performance.

II. EXPERIMENT

In order to clarify the origin of emitted electrons, x-ray
photoelectron spectroscopy (XPS), ultraviolet photoelectron
spectroscopy (UPS), and field-emission spectroscopy (FES)
were combined and simultaneously performed. The signifi-
cance of combined XPS/UPS/FES is that the origin of the
emitted electrons can directly be defined with high spatial
and energy resolution. The origin can be defined with an
energy resolution in the order of ~0.1 eV. The schematic of
the system is shown in Fig. 1. Mg Ka (hv=1253.6 V), and
He I (hv=21.2 eV) were used as x-ray and UV light sources,
respectively. An electrically grounded nickel (Ni) mesh grid
was placed 100 um above the diamond surface to apply a
negative voltage for FES. Measurements were performed in
an ultrahigh vacuum (UHV) at a base pressure of 5.0
X 1071% Torr. A hemispherical analyzer with a radius of 100
mm was used for analyzing the kinetic energy of emitted
electrons. The energy resolution was 0.15 eV from the width
of the Fermi edge obtained from a gold (Au) reference
sample at room temperature.

Heavily N-doped polycrystalline diamond was grown on
a Si substrate for two hours by the hot-filament chemical-
vapor-deposition technique. The growth conditions were as
follows: the filament temperature was 2300 °C, substrate
temperature was 850 °C, reaction pressure was 100 Torr, and
the ratio of reactant gas to hydrogen was 0.6 vol %. A satu-
rated solution of urea and methanol was diluted with acetone
and vaporized to be used as a reactant gas to achieve a ni-
trogen concentration of ~10% ¢cm=.13

III. RESULTS AND DISCUSSION

The combined UPS/FES approach used in this study con-
sisted of two techniques to induce electron emission. One
was the application of UV light to induce photoemission for
UPS and the other was the application of an electric field to
induce electron emission for FES. The uniqueness of the
combined UPS/FES is that the spectrum, which contains the
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FIG. 2. Combined UPS/FES spectra of (a) natural type IIb and
(b) lightly N-doped CVD diamond. Insets show the FES spectra of
each diamond.

energy-band structure of diamond and the energy of the emit-
ted electrons, can be obtained under the same experimental
conditions. The spectrum evidences the origin by comparing
the energy-band structure and the energy of the emitted elec-
trons, free from other effects, including the photovoltaic ef-
fect, which generally prevents precise energy alignment.?*
In order to perform combined UPS/FES, a voltage was
initially applied between the mesh grid and the diamond to
induce electron emission for FES. The voltage was increased
from 0 V at approximately 50 V step and field-induced
emission (FE) spectra were taken at each applied voltage. A
FE peak appeared at 307 V, and its intensity and kinetic
energy increased corresponding to the voltage. The width of
peak from site 1 was as narrow as ~0.3 eV, one of the
narrowest energy widths available for an electron beam at
room temperature. The appearance of a single peak (from
site 1) was consistent with our previous results on natural IIb
diamond and lightly N-doped CVD diamond, as illustrated in
Fig. 2. A single peak was observed for each type of the
diamond while their origins were different.>>?® Unique to
heavily N-doped CVD diamond was the appearance of the
second FE peak (from site 2), which appeared at an applied
voltage of 512 V and above. The second peak also increased
its intensity and shifted to higher energy corresponding to the
voltage. However, the energy difference between the two
peaks (from sites 1 and 2) increased as applied voltage in-
creased. A detailed analysis regarding the change in the dif-
ference will be described later. The tail, which cannot be
observed on the lower side because of the sharp cutoff due to
conduction-band minimum (CBM), reflects the broader elec-
tron distribution above the CBM. Moreover, the results sug-
gest that there might be a scattering process in the field-
induced electron emission. The rather broad width for peak
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FIG. 3. Combined UPS/FES spectra of heavily N-doped CVD
diamond.

from site 2 can often be observed as the result of the scatter-
ing process. The reason of existing two peaks was speculated
to be due to the difference in surface electronic
conditions.?’3? The detailed analysis is to be performed by
adding XPS to the UPS/FES, and will be reported elsewhere.

After FES was successfully performed, the sample was
irradiated with UV light to measure combined UPS/FES, fi-
nally defining the origin of field-induced electron emission
from heavily N-doped CVD diamond. As soon as the dia-
mond surface was illuminated by UV light, it glowed blue-
violet due to the light emitted by the recombination of pho-
toexcited electron and hole pairs. In the UPS/FES spectrum,
broad double peaks appeared with the characteristic shape
for diamond, in addition to the FE peaks. Figure 3 shows the
result, which was obtained for voltages between 512 and 716
V. The abscissa shows the kinetic energy of the emitted elec-
trons relative to the VBM in eV and the ordinate shows the
intensity in arbitrary units. The most important result in the
combined UPS/FES is the agreement between FE peak from
site 2 of the FES and the low-energy cutoff of the UPS peak,
which is clear even without detailed analysis of the spectra.
The match clearly shows that the origin of the emitted elec-
trons was at the CBM. Furthermore, analysis of the UPS
peak indicates that the electron affinity (EA) of the diamond
was negative with a value of EA=~-0.8 eV, comparable to
that of literature.>*® Hence, the combined UPS/FES proved
that the electrons were emitted from the CB utilizing NEA
and that the electron emission from heavily N-doped CVD
diamond can be categorized as type (i).
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As the applied voltage was increased, the intensity of
peak from site 2 increased similar to that of the individual
FES. However, the correlation was consistently observed, re-
gardless of the applied voltage, which suggests a continuous
supply of sufficient electrons in the CB during field-induced
electron emission. As mentioned earlier, the slight broaden-
ing of peak from site 2 suggests a scattering process, which
may be explained by the metal-insulator-vacuum (MIV)-type
electron emission proposed using the emission current-anode
voltage (I-V) characteristics of heavily N-doped CVD
diamond." In MIV-type electron emission, the voltage ap-
plied between an anode and a cathode drops in diamond
bulk, enhancing electron injection from the back contact
metal to the CB of diamond due to quantum tunneling. These
electrons move through the diamond bulk to the surface,
where they are emitted into the vacuum. It is possible that
scattering during electron transport through the diamond
bulk may be responsible for the observed peak broadening.
MIV-type electron emission also explains the role of voltage
required to induce electron emission from heavily N-doped
CVD diamond. The voltage is necessary to induce an electric
field in the diamond bulk in order to enhance electron injec-
tion from the back contact metal to the CB of diamond al-
though there is no energy barrier at the diamond/vacuum
interface. The applied voltage of a few hundred volts was
consistent with the voltage needed to induce a sufficient elec-
tric field in diamond bulk. The shift observed for the first
peak (from site 1) is speculated to be due to the voltage drop
induced by the emission current. When the peak energy is
plotted against emission current, the data fits to a straight
line, where the slope indicates the resistance of the diamond
bulk. In order to further investigate the observed shift, the
emission current dependence of the FE peak for diamonds
with different resistivity was compared.

Figure 4 shows the emission-current dependence of FE
peak energy for heavily N-doped CVD diamond, lightly
N-doped CVD diamond, and natural IIb diamond. Plots for
each FE peak can be fitted to a straight line, where the slopes
indicate the resistance of the diamond bulk. The slope indi-
cated resistances of ~10'"  and ~10° Q for heavily and
lightly N-doped CVD diamond, respectively, which is con-
sistent with the resistivity obtained using the conventional
four-point probe method.'” The slope was almost zero for
natural IIb diamond because the voltage drop was less than
the energy resolution of the measurement system. This was
also consistent with the small voltage drop expected for natu-
ral IIb diamond with resistivity of ~10%> ) cm.

After confirming that the plot slopes correlate to the re-
sistivity of each diamond, we applied the energy shift ob-
served for the FE peak to determine the “true” origin of the
emitted electrons. Although the combined UPS/FES spectra
for each applied voltage should indicate the origin of the
emitted electrons, the voltage dependence of the FE peaks
clearly suggests that they were affected by the voltage drop
induced by the emission current. In order to define the true
origin of the electrons emitted from the diamond, the origin
without the effect of the voltage drop must be explored. For
this purpose, we extrapolated the FE peak energy-emission-
current characteristics to “emission current=0.” The energy
level for emission current=0 provides the true origin free
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FIG. 4. (Color online) Emission-current dependence of FE peak energy for heavily N-doped CVD diamond, lightly N-doped CVD
diamond, and natural IIb diamond. Inset shows an enlarged plot for the emission from site 2 of the heavily doped diamond.

from the voltage drop induced by the emission current. It
must be stressed here that this extrapolation method is a
method, which permits definition of the true origin because
from the experimental point of view, the signal intensity for
combined UPS/FES cannot be obtained for emission
current=0. The true origin determined using the extrapola-
tion method clearly indicated that electrons are emitted from
the CBM utilizing NEA for heavily N-doped CVD diamond.
Both peaks from sites 1 and 2 can be extrapolated to the
CBM, which is ~5.5 eV above the VBM.

Our recent computer simulation shows that a nitrogen
concentration of ~10% ¢cm™ is required to achieve an en-
ergy barrier of as narrow as 0.7 nm at the diamond-metal
interface.>® The barrier width of 0.7 nm is narrow enough to
induce quantum-electron tunneling for sufficient emission
current and the nitrogen concentration of ~10% c¢m™ is pos-
sible with heavily N-doped CVD diamond. Therefore suffi-
cient electron injection at the diamond-metal interface can be
expected using heavily N-doped CVD diamond to realize the
observed electron emission from the CB. It should also be
noted that high resistivity of the heavily N-doped CVD dia-
mond is essential to induce a large voltage drop in the dia-
mond bulk. If the resistivity of the diamond is low, voltage
drop in vacuum becomes dominant. In that case, energy bar-
rier at diamond-metal interface cannot be narrowed and elec-
tron injection would not occur.

IV. CONCLUSION

As a conclusion, combined XPS/UPS/FES measurements
were performed on heavily N-doped polycrystalline CVD

diamonds in order to clarify the mechanism of its extremely
low-threshold electron emission reported in 1996. Our re-
sults clearly prove that the electrons are emitted from the CB
of the diamond, utilizing NEA. The results can be well ex-
plained by the MIV-type electron emission, which the volt-
age applied between an anode and a cathode drops in dia-
mond bulk, enhancing electron injection from the back
contact metal to the CB of diamond due to quantum tunnel-
ing. Moreover, the results imply that this type of electron
emission can be achieved using a material, which possesses
high resistivity and NEA surface. The low-threshold voltage,
extremely narrow energy width of ~0.3 eV, as well as the
stable emission current suggests that this type of electron
emission can be advantageous in a development of the next-
generation vacuum nanoelectronic devices with long lifetime
and high-energy resolution.

ACKNOWLEDGMENTS

The authors acknowledge Shuichi Ogawa of Tohoku Uni-
versity for the experimental support on the UPS measure-
ment. The authors also acknowledge Bradford B. Pate of
Naval Research Laboratory for the fruitful discussion on
UPS and combined UPS/FES of diamond from initial stage
of this work. The present work was financially supported by
Academic Frontier Project, Support Program for Private Uni-
versities (Grant No. SO8 01012) and Grants-in-Aid for Sci-
entific Research (Grant No. 21560053) from the Ministry of
Education, Culture, Sports, Science, and Technology, Japan.

165321-4



ELECTRON EMISSION FROM CONDUCTION BAND OF...

IR J. Himpsel, J. A. Knapp, J. A. VanVechten, and D. E. Eastman,
Phys. Rev. B 20, 624 (1979).

2W. M. Geis, A. Gregory, and B. B. Pate, IEEE Trans. Electron
Devices 38, 619 (1991).

3].B. Cui, J. Ristein, and L. Ley, Phys. Rev. Lett. 81, 429 (1998).

4S. Matsumoto, Y. Sato, M. Kamo, and N. Setaka, Jpn. J. Appl.
Phys. 21, L183 (1982).

5C. Wang, A. Garcia, D. C. Ingram, M. Lake, and M. E. Korde-
sch, Electron. Lett. 27, 1459 (1991).

ON. S. Xu, R. V. Latham, and Y. Tzeng, Electron. Lett. 29, 1596
(1993).

7K. Okano, K. Hoshina, M. Tida, S. Koizumi, and T. Inuzuka,
Appl. Phys. Lett. 64, 2742 (1994).

8M. W. Geis, J. C. Twichell, J. Macaulay, and K. Okano, Appl.
Phys. Lett. 67, 1328 (1995).

9K. Okano and K. K. Gleason, Electron. Lett. 31, 74 (1995).

I0OM. W. Geis, J. C. Twichell, and T. M. Lyszczarz, J. Vac. Sci.
Technol. B 14, 2060 (1996).

1'W. Zhu, G. P. Kochanski, and S. Jin, Science 282, 1471 (1998).

120. M. Kuttel, O. Groening, and L. Schlapbach, J. Vac. Sci. Tech-
nol. A 16, 3464 (1998).

130. Groning, O. M. Kuttel, P. Groning, and L. Schlapbach, J. Vac.
Sci. Technol. B 17, 1064 (1999).

14C. A. Spindt, I. Brodie, L. Humphery, and E. R. Westerberg, J.
Appl. Phys. 47, 5248 (1976).

ISK. Okano, S. Koizumi, S. R. P. Ravi, and G. A. J. Amaratunga,
Nature (London) 381, 140 (1996).

16M. W. Geis, N. N. Efremow, K. E. Krohn, J. C. Twichell, T. M.
Lyszczaraz, R. Kalish, J. A. Greer, and M. D. Tabat, Nature
(London) 393, 431 (1998).

7P, Lerner, N. M. Miskovsky, and P. H. Cutler, J. Vac. Sci. Tech-
nol. B 16, 900 (1998).

183, R. P. Silva, G. A. J. Amaratunga, and K. Okano, J. Vac. Sci.

PHYSICAL REVIEW B 80, 165321 (2009)

Technol. B 17, 557 (1999).

19K Okano, T. Yamada, A. Sawabe, S. Koizumi, J. Itoh, and G. A.
J. Amaratunga, Appl. Phys. Lett. 79, 275 (2001).

20A. T. Sowers, B. L. Ward, S. L. English, and R. J. Nemanich, J.
Appl. Phys. 86, 3973 (1999).

218, Kono, Go Takyo, Naoki Amano, Nickolay 1. Plusnin, Kenji
Mizuochi, Tomohiro Aoyama, Tadahiko Goto, Tadashi
Abukawa, Akihiko Namba, Natsuo Tasumi, Yoshiki Nishiba-
yashi, and Takahiro Imai, Jpn. J. Appl. Phys. 46, L21 (2007).

22K Okano, T. Yamada, A. Sawabe, S. Koizumi, R. Matsuda, C.
Bandis, W. Chang, and B. B. Pate, Appl. Surf. Sci. 146, 274
(1999).

23C. Bandis and B. B. Pate, Appl. Phys. Lett. 69, 366 (1996).

24C. Bandis and B. B. Pate, Surf. Sci. Lett. 345, L23 (1996).

2H. Yamaguchi, T. Yamada, M. Kudo, Y. Takakuwa, and K.
Okano, Appl. Phys. Lett. 88, 202101 (2006).

20H. Yamaguchi, 1. Saito, Y. Kudo, T. Masuzawa, T. Yamada, M.
Kudo, Y. Takakuwa, and K. Okano, Diamond Relat. Mater. 17,
162 (2008).

27]. B. Cui, J. Ristein, and L. Ley, Phys. Rev. B 60, 16135 (1999).

28F. Maier, J. Ristein, and L. Ley, Phys. Rev. B 64, 165411
(2001).

L. Diederich, P. Aebi, O. M. Kuttel, and L. Schlapbach, Surf.
Sci. 424, 1314 (1999).

30L. Diederich, O. M. Kuttel, P. Ruffieux, T. Pillo, P. Aebi, and L.
Schlapbach, Surf. Sci. 417, 41 (1998).

31T, Yamada, H. Ishihara, K. Okano, S. Koizumi, and J. Itoh, J.
Vac. Sci. Technol. B 15, 1678 (1997).

32Vacuum Micro-Electronics, edited by W. Zhu (Wiley, New York,
2001).

3T. Masuzawa, Y. Shiraki, Y. Kudo, I. Saito, H. Yamaguchi, T.
Yamada, and K. Okano, Appl. Surf. Sci. 254, 6285 (2008).

165321-5



