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(Au). As shown in Fig. 4, the valence band maximum (VBM) of both K-
doped and as-deposited samples are confirmed to align with the metal
Fermi level. Peaks at around 16 eV consist of scattered electrons, which
have lost their kinetic energy before being emitted to the vacuum. The
minimum energy of such electrons is limited by the vacuum level, thus
the vacuum level can be determined by the cutoff of the spectrum. The
work function can be determined by the width of the spectra. The work
function for the pristine sample was estimated to be 4.24 eV, which is
almost same as the reported work function of as-deposited carbon nano
walls (4.3–4.4 eV) [19]. The work function of K-doped sample was
calculated to be 3.36 eV. The reduction of the work function of the
carbon nanosheets by K-doping was confirmed. The work function re-
duction by potassium intercalation was also reported for carbon na-
nofibers [6]. This is explained by increase of electron density in the
carbon nanosheets due to electron injection from intercalated po-
tassium atoms [8,16,17].

In the I-V characteristics (Fig. 5), the turn-on voltages, where
emission current of 10−10 A is detected, are 837 V and 1354 V for the
samples with and without doping. It is found that the potassium doping
decreases the turn-on voltage. In addition, saturation of the emission
current at increased voltage was not observed for the K-doped sample.
These changes are explained by the increase of electron density [8] and
decrease of the electrical resistance [7] by potassium doping.

It was reported that, in previous studies, field emission character-
istics of vertically aligned carbon nanosheets depended on sheet
thicknesses [1,20]. Field emission was observed at threshold field of
17–35 V/μm for nanosheets with 10–20 nm thickness [20], whereas
threshold field of 3–5 V/μm was reported for nanosheets with thin edge
structure (1–2 nm) [1]. In the present study, the threshold field of the K-
doped and pristine samples are estimated to be 19.17 V/μm and
29.83 V/μm, respectively. The estimated threshold fields are close to
that of carbon nanosheets with similar thickness in Ref. [20].

Fowler-Nordheim (F-N) plots are shown in Fig. 6. Both plots are on
straight lines, indicating that the obtained field emission characteristics
are explained by tunnelling [21]. The slopes (Δ) of samples with and
without K-doping are ΔK=−3.6x104 and Δnon=−7.6x104, respec-
tively. The relationship between the slope of F-N plot and the work
function (ϕ) is as follows:

∝∆ ϕ3 2 (1)

Assuming that the K-doping process did not modify the surface
roughness and the field enhancement at the surface is constant, The
work function ratio can be obtained by the following equation:
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Fig. 4. UPS spectra of K-doped and pristine vertically aligned carbon na-
nosheets.

Fig. 5. Typical I-V characteristics of K-doped and pristine vertically aligned
carbon nanosheets.

Fig. 6. F-N plots derived from I-V characteristics of K-doped and pristine ver-
tically aligned carbon nanosheets.
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the same vacuum system (Kratos Axis Ultra DLD) without breaking the
vacuum. Base pressure of the system was 3.5x10−7 Pa. X-ray source for
the XPS was monochromatic Al-Kα (1487 eV) operated at 15 kV and
10mA. An aperture (110 μm in diameter) was used to limit the mea-
surement area. The sample was grounded during the XPS measurement.
For the UPS, helium I discharge (typical photon energy 21.22 eV) was
used to excite photoelectrons. A negative bias of 9.68 V was applied to
the sample to compensate the analyzer's work function. A gold (Au)
plate was used as a reference to determine the Fermi level.

Emission current vs anode voltage (I-V) measurement was con-
ducted as follows: samples were set as cathodes in a high vacuum
system (1.3x10−6 Pa) and field emission characteristics were measured.
A tungsten probe with 200 μm in diameter was used as an anode
electrode and distance between the anode and the sample was kept at
50 μm [11].

3. Results and discussion

Fig. 1 (a) and (b) show the surface morphologies of samples with
and without the doping process. Standing sheets with thickness of about
30 nm were confirmed. No major change in the sample structure was
identified between the samples with and without the doping process. It
is considered that the field enhancement factor of two sample are al-
most the same. TEM image of the sample without the doping process is
shown in Fig. 1 (c). The sheets form in parallel to the Cu surface and
their edges are curled in vertical direction. The vertically aligned gra-
phene sheets were formed on the various substrates and the reported
structures were the standing graphene sheets directly on the substrates
[12]. The formation mechanism of such structure is studied by several
groups [12–14]. First, nano graphene flakes are deposited on the Cu
surface. The flakes are then grown to the direction parallel to the Cu
surface. A nucleation of the vertically aligned flakes takes place either
at the edge of the growing graphene domain [12] or defects in the
domain [13,14]. The present samples are former case according to the
SEM observation [10]. The vertically aligned flakes continue to grow,
and vertically aligned carbon nanosheets are formed. The schematic
structure is shown in Fig. 1(d).

Raman spectra of pristine and K-doped samples are shown in Fig. 2.
Peaks corresponding to G-band and 2D-band are obtained at around
1575 and 2690 cm−1. In addition, D- and D′-band are observed at 1345
and 1619 cm−1, which are attributed to disordered graphite and/or

defects. Peaks at around 2950 cm−1 are reported to be C-Hx in amor-
phous carbon [15]. The data suggest that the obtained samples are
graphene-based materials [10]. A down shift of the 2D band peak from
2695 to 2685 cm−1 by K-doping was confirmed. This is similar to the
previous reports, which indicates electron doping [8,16,17].

XP spectra are shown in Fig. 3. For the K-doped samples, peaks
attributed to K p3/2 and K p1/2 are observed at 293 and 296 eV, re-
spectively. These peaks are not observed in the XP spectra for the
samples without doping process. The obtained results are similar to
previous reports [8,9]. The C1s peak becomes broader by the doping,
which is explained by chemical bonding of carbon and potassium [18].
The obtained XPS results indicate that the potassium is doped in the
vertically aligned carbon nanosheets by the dipping process.

Work functions were estimated from UP spectra as shown in Fig. 4.
The x-axis is binding energy relative to the Fermi level of the reference

Fig. 1. Surface morphology of the carbon nanosheets. SEM images (a) before K-
doping and (b) after K-doping, (c) TEM image at the carbon-substrate interface,
and (d) schematic model of the vertically aligned carbon nanosheets.

Fig. 2. Raman spectra of K-doped and pristine vertically aligned carbon na-
nosheets.

Fig. 3. Comparison of the XP spectra of K-doped and pristine vertical aligned
carbon nanosheets.

T. Yamada and T. Masuzawa 9DFXXP��������������²��

��

束縛エネルギー(eV)

任
意
強
度
(a
.u
)

KOH処理あり

KOH処理なし

(Au). As shown in Fig. 4, the valence band maximum (VBM) of both K-
doped and as-deposited samples are confirmed to align with the metal
Fermi level. Peaks at around 16 eV consist of scattered electrons, which
have lost their kinetic energy before being emitted to the vacuum. The
minimum energy of such electrons is limited by the vacuum level, thus
the vacuum level can be determined by the cutoff of the spectrum. The
work function can be determined by the width of the spectra. The work
function for the pristine sample was estimated to be 4.24 eV, which is
almost same as the reported work function of as-deposited carbon nano
walls (4.3–4.4 eV) [19]. The work function of K-doped sample was
calculated to be 3.36 eV. The reduction of the work function of the
carbon nanosheets by K-doping was confirmed. The work function re-
duction by potassium intercalation was also reported for carbon na-
nofibers [6]. This is explained by increase of electron density in the
carbon nanosheets due to electron injection from intercalated po-
tassium atoms [8,16,17].

In the I-V characteristics (Fig. 5), the turn-on voltages, where
emission current of 10−10 A is detected, are 837 V and 1354 V for the
samples with and without doping. It is found that the potassium doping
decreases the turn-on voltage. In addition, saturation of the emission
current at increased voltage was not observed for the K-doped sample.
These changes are explained by the increase of electron density [8] and
decrease of the electrical resistance [7] by potassium doping.

It was reported that, in previous studies, field emission character-
istics of vertically aligned carbon nanosheets depended on sheet
thicknesses [1,20]. Field emission was observed at threshold field of
17–35 V/μm for nanosheets with 10–20 nm thickness [20], whereas
threshold field of 3–5 V/μm was reported for nanosheets with thin edge
structure (1–2 nm) [1]. In the present study, the threshold field of the K-
doped and pristine samples are estimated to be 19.17 V/μm and
29.83 V/μm, respectively. The estimated threshold fields are close to
that of carbon nanosheets with similar thickness in Ref. [20].

Fowler-Nordheim (F-N) plots are shown in Fig. 6. Both plots are on
straight lines, indicating that the obtained field emission characteristics
are explained by tunnelling [21]. The slopes (Δ) of samples with and
without K-doping are ΔK=−3.6x104 and Δnon=−7.6x104, respec-
tively. The relationship between the slope of F-N plot and the work
function (ϕ) is as follows:

∝∆ ϕ3 2 (1)

Assuming that the K-doping process did not modify the surface
roughness and the field enhancement at the surface is constant, The
work function ratio can be obtained by the following equation:

⎜ ⎟= ⎛⎝ ⎞⎠ϕ
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Fig. 4. UPS spectra of K-doped and pristine vertically aligned carbon na-
nosheets.

Fig. 5. Typical I-V characteristics of K-doped and pristine vertically aligned
carbon nanosheets.

Fig. 6. F-N plots derived from I-V characteristics of K-doped and pristine ver-
tically aligned carbon nanosheets.
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