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(a)

(b)

Fig. 6. SEM images of contact configurations of the W probe at the
middle (a) and tip (b) of an individual diamond nanocone.

The I–Va curve of the nanocontact between the W probe
and the diamond nanocone tip can be understood as the com-
bination of a smooth background current and some discrete
current jumps. The smooth background of the I–Va curve at
forward bias combined with the curve at reversed bias pro-
vides us the information about the tunneling barrier.

The temperature dependence of these discrete current
jumps was also investigated by changing the substrate temper-
ature. The I–Va characteristics of the diamond nanocone tip at
elevated temperature are shown in Fig. 7(b), the dashed lines
shown in Fig. 7(b) are the curves numerically fitted by using
the tunneling current at 293 K from different discrete hole lev-
els as suggested in the flowing discussion. From Fig. 7(b), the
following results can be obtained: (i) the background current
is enhanced at the elevated temperatures of 393 K and 493 K;
(ii) the current jumps observed at 293 K disappear at elevated
temperatures of 393 K and 493 K.

Here, a tunneling process from discrete hole levels in the
diamond nanocone tip to the W probe is suggested to explain
the as-observed experimental results. The contact between
the hydrogenated diamond nanocone tip and the W probe can
be though of as a quantum point contact (QPC) structure as
illustrated in Fig. 8(a). The hydrogenated diamond tip can
be considered as a quantum dot. The nanocone body be-
neath the tip, which is formed by stacking diamond crystal-

lites with many defects,[28] acts as the other electrode for this
QPC structure. Discrete electron states will be formed due to
the size confinement within the diamond nanocone tip. The
existence of the p-type region is due to the electrochemical
transfer doping effect,[41] which results in upward band bend-
ing at the interface of the diamond nanocone and the W probe.
It should be noted that the W probe could be easily covered
with an oxidized layer several nanometers thick due to air
exposure.[42] That would act as an insulating barrier, which
indicates a metal–insulator–semiconductor (MIS) nanostruc-
ture formed at the contact between the diamond nanocone and
the W probe as shown in Fig. 8(b).
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Fig. 7. (a) The I–Va plots of different contact configurations at forward
(solid lines) and reverse (broken lines) biases at room temperature: (a1)
the contact of the W probe with the diamond nanocone tip, (a2) the
contact of the W probe with the diamond nanocone midway, and (a3)
the contact of the W probe with diamond film. (Blue line is a fitted
curve based on the tunneling model.) (b) The I–Va plots of the contact
of the W probe with the diamond nanocone tip at different tempera-
tures: 293 K (curve a, dashed lines are the fitted I–Va plots based on the
tunneling model); 393 K (curve b), and 493 K (curve c).

At zero bias, most discrete hole energy levels at the dia-
mond nanocone side are above the Fermi level, and they can-
not participate in the tunneling process. Due to the increase
of the applied forward bias on the diamond nanocone, the
Fermi level at the metal side is elevated. As a result, more
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and more quantized hole levels take part in the tunneling pro-
cess, as in the schematic in Fig. 8(c). This produces the current
jumps as observed, appended on the smooth background cur-
rent through a trapezoid surface barrier, as shown in Fig. 7(a1).
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Fig. 8. Schematic diagram of nanocontact structure (a) and energy-band
diagrams of the nanocontact with an insulating barrier between the dia-
mond cone tip and the W probe at zero bias (b) and negative (c) bias.

Assuming a QPC structure, spatial confinement will lead
to the quantization of original hole gas. The discrete energy
levels in a quantum dot can be expressed as[43]

En ∝
h2n2

8m∗r2 (n = 1,2,3, . . .). (1)

Here, m∗, the hole effective mass perpendicular to the surface,
is 0.75 me,[38,44] r is the tip radius of the diamond cone, and
h is the Planck’s constant. The averaged tip radius measured
from SEM images yields r ≈ 2.5 nm. The degeneracy of the
discrete states is Nn = n2.

As has been well known, with the increase in the mea-
surement temperature, thermally excited carriers can disturb

the original discrete hole carriers states Planck’s constant, con-
cealing the quantized carrier transport process. Therefore, it is
rather difficult to preserve a well-defined quantum structure at
room temperature. However, in our case, under the assump-
tion of the QPC with a cone tip radius of 2.5 nm, the energy
gap of the first two levels is estimated to be about 0.114 eV
(much larger than the thermal disturbance of about 0.026 eV
at room temperature), so the as-formed quantum states in the
diamond tip QPC structure can be preserved well even at room
temperature due to the rather small confined dimension. Ap-
plying an external electric field is an effective way to extract
hole carriers from the as-formed QW states through the surface
tunneling process. The applied (negative) bias on the W probe
can modulate the position of the Fermi level in the above-
mentioned QPC system and cause new hole energy states in
the QPC structure to contribute to the total tunneling current,
as schematically shown in Fig. 8(c).

The electron transport through the nanocontact is a rather
complicated problem. It is very difficult to find out how the lo-
calized QW states couple to the states of the diamond cone sur-
face through defects of the cone. However, a simple but very
useful formulism was developed in field emission research on
diamond. Similar to the description in Refs. [45] and [46], the
tunneling current can be expressed as

J(V ) = A
m

∑
i=1

NiTt(Ei,V ) f (Ei,V ), (2)

where A is the contact area and Ni = i2 is the number of states
at Ei, f (Ei,V ) is the attempted escape frequency of this energy
level, stemming from the classical expression of the oscillation
frequency of localized states. It can be calculated as[38]

f (Ei,V ) =
eV

2d
√

2m∗hEi
, (3)

with d being the barrier width, assumed to be 1.5 nm, and
Tt(Ei,V ) the tunneling coefficient of the trapezoid barrier from
the i-th subband. In Wentzel–Kramers–Brillouin (WKB) ap-
proximation, the tunneling transmission coefficient Tt of the
trapezoid barrier (with barrier height of ψ1 = χm + Ei + kT
and ψ2 = χm + Ei + kT + e|V |) is a function of the applied
field V[47]

Tt(Ei,V )≈ exp

[
−
√

2
(

8π2m∗h
h2

)1/2

(Ψ1 +Ψ2)
1/2 d

]
. (4)

Here, m∗h is the effective hole mass with value of 0.75 me (me is
the free electron mass),[38] E is the hole energy, and h is Planck
constant, ψ2 = χm +Ei +kT +e|V |/2 is the average tunneling
barrier height at applied voltage V (χm, the barrier height of
the Fermi level, and χm > |V |), k is the Boltzmann constant,
T is the absolute temperature. From the above formulism, it is
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inferred that discrete current jumps can be observed at a cer-
tain applied voltage gap of (Ei−Ei+1)/e.

Assuming that the voltage applied on the nanocontact is
proportional to the total voltage applied to the device, we de-
fine β =V/Va, where V is the voltage applied on the tunneling
contact, and Va is the total voltage on the two metal electrodes.
Then, by a polynomial fitting [by using Eq. (2)] of curve a in
Fig. 7(b), we find that χm = 1.54 eV and β = 0.0106 can well
produce our experiment results shown in Fig. 7(b). In addi-
tion, χm = 1.54 eV can be used to produce the I−Va curves of
diamond film (with β = 0.3), as shown in Fig. 7(a3).

The discrete current jumps can be explained quite well by
considering discrete hole levels, as shown in the fit lines plot-
ted in Fig. 7(b). The observed current jumps at 7.6 V, 19.3 V,
and 40.6 V indicate subband gaps of 0.103 eV and 0.194 eV,
indicating an inter-subband gap ratio of about 3:5. This fits
(E2−E1)/(E3−E2) well, as calculated from Eq. (1).

Thus, the result at the room temperature shown in
Fig. 7(b) can be well explained by employing the above-
discussed tunneling mechanism. At elevated temperature, the
tunneling barrier is decreased, which increases the tunneling
coefficient Tt, as indicated from Eq. (4). Thereafter, the tun-
neling current at elevated temperature will be enhanced. How-
ever, the thermally excited carriers at elevated temperature will
conceal the discrete current jumps observed at room temper-
ature. It seems that no dehydrogenation process occurs at the
surface of the diamond nanocone at elevated temperature, be-
cause no current decrease is observed even at the temperature
of 493 K, which accords well with the results reported by Cui
et al.[48]

7. Conclusions
The electrical properties of ordered diamond cone ar-

rays self-organized under selective ion sputtering, using the
HFCVD system, have been reviewed. The following conclu-
sions can be drawn.

(i) Diamond cones with different aspect ratios and cone
densities can be formed by HFCVD plasma etching with
CH4/H2 gas mixture. The addition of CH4 can effectively en-
hance plasma etching. The enhancement is attributed mainly
to the mean energy of methylic ions being higher than that of
H+ ions. The aspect ratio and density of diamond cones can be
controlled by the duration of ion sputtering. Another advan-
tage of adding methane gas to the plasma is the formation of a
thin amorphous carbon coating over the diamond cones, which
is favorable to the enhancement of field emission by providing
a pathway for electron-hopping conduction through the defect
bands.

(ii) Compared with the unetched diamond film, as-formed
diamond cones have enhanced field electron emission with
good emission stability. The diamond cones formed by

CH4/H2 plasma etching have a better field emission property
than those formed by pure H2 plasma etching because of a
more advantageous cone array density and a higher field en-
hancement factor. The threshold field for electron emission
depends on the distribution density of diamond cones because
of the field-shielding effect.

(iii) High emission current can be obtained from an indi-
vidual diamond cone due to its high-aspect-ratio geometry and
the electron conducting pathway provided by the a–C cover-
ing layer with high content of sp2 bonding. After a surface
stabilization process, the diamond cone shows stable emission
properties and a stable work function of 3.35 eV, due to both
the desorption of surface H atoms and the loss of sp3 emitting
sites.

(iv) The chemical gas sensing properties of as-formed
diamond nanocone arrays show that the enhanced gas sens-
ing performance is obtained due both to the carriers tunneling
from discrete hole states in the diamond nanocone and to the
enhanced surface-to-volume ratio of the conical structure.

(v) The observed current-jumps in the I–Va plots directly
reflect the presence of quantum well states in the nanocontact
structure between the diamond nanocone tip and the W probe.
The results also indicate that the number of current jumps
clearly show the nanocontact size and temperature dependence
– that is, with the contact size and measurement temperature
increasing, the jumps are more difficult to observe, due to the
decreased sub-band gap and thermal disturbance. The results
can be theoretically reproduced quite well by using the tun-
neling mechanism of discrete hole levels in the nanocontact
structure.

In summary, the nanostructured diamond cones show
great potentials for the application as unique nanodevices.
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