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ABSTRACT: Graphene—oxide—semiconductor (GOS) planar-type electron
emission devices with a hexagonal boron nitride (h-BN) protective layer have
demonstrated improved oxidation resistance while maintaining their emission
performance. The devices with a monolayer or a multilayer (13 nm in thickness)
h-BN protective layer can emit electrons even after oxygen plasma exposure
(ashing). Remarkably, the device with a monolayer h-BN was able to emit
electrons with a maximum efficiency of 11% after a 4-min ashing, showing that a
thin h-BN protection layer can provide oxygen tolerance to GOS devices without a
significant emission loss. The thicker multilayer h-BN imparted higher oxidation
resistance to the device but with decreased emission efficiency compared with the
device with monolayer h-BN. Thus, the use of h-BN necessitates a trade-off between the device’s emission performance and its
oxidation resistance. In addition, the etching rate of h-BN by the oxygen plasma treatment was found to increase by exposure to air
after the first plasma treatment, which indicates that the adherence of H,O to the surface of h-BN is one probable cause of h-BN
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etching during the ashing process.

Bl INTRODUCTION

Planar-type electron sources like metal—oxide—semiconductor
or metal—oxide—metal devices have attractive features, e.g,
low drive voltages (<20 V),' electron beams with lower
divergence angles,” and electron emission capability not only in
a high vacuum but also in a low vacuum,” and even in a
liquid.5 In addition, the planar-type electron source based on a
graphene—oxide—semiconductor (GOS) structure has
achieved high electron emission densities of 1—100 mA/cm*
with high emission efficiencies of 10—50% by introducin%
graphene as an electron-transmissive gate electrode.’”
Because of these excellent advantages, GOS devices are
expected to be used in further applications, such as a
neutralizer cathode for miniature ion thrusters mounted on
nano/microsatellites flying in low Earth orbit,10 an electron
source for a low-cost and high-resolution scanning electron
microscope (SEM) that can be operated in a low-vacuum
state,'"'” and an electron source for a hydrogen evolution
reaction in a liquid.” These applications require the GOS
device to be operable in oxidative environments, e.g., a low
Earth orbit where atomic oxygen is the dominant gas
component,13 a low vacuum containing O, molecules, and a
liquid containing oxygen atoms. However, a concern is that if
the GOS device is operated in these environments, the
topmost layer of the graphene electrode would be oxidized and
removed, resulting in the loss of the device’s electron emission
capability. Therefore, to realize further applications of the GOS
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electron source, improving the oxidation resistance while
maintaining the device’s emission performance is an imperative
goal that has not yet been realized.

Hexagonal boron nitride (h-BN), a two-dimensional (2D)
layered material composed of boron and nitrogen atoms, is
promising as a protective material for graphene electrodes.
Using a material with a small atomic number in the protective
layer will help to avoid a decrease in the emission current due
to inelastic scattering. Because h-BN is composed of atoms that
have a small atomic number and are inert to oxygen, this
material has a high potential to realize enhancement of
oxidation resistance with less performance degradation of the
GOS device. Previous studies from other research groups have
also demonstrated its high oxidation resistance and'* its
effectiveness as a protective layer against atomic oxygen15 and
high-temperature air.'®'7 In addition, electron inelastic
scattering with phonons of h-BN was found to be very small
compared to that of SiO, from our previous studies of planar-
type electron devices based on a graphene/h-BN/n-Si
heterostructure, which utilized h-BN layer as the insulating
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Figure 1. (a) An optical image of GOS with multilayer h-BN and (b) schematic of the emission performance measurement setup.
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Figure 2. J, — V; curves of the GOS device before and after ashing (a) without h-BN, (b) with multilayer h-BN, and (c) with monolayer h-BN. (d)

Their emission efficiency.

layer of the GOS devices instead of a conventional SiO,
insulator.'®'® This result implies that h-BN has excellent
potential as the electron-transmissive layer. Therefore, the high
oxidation resistance and electron transmissivity of h-BN
suggest its suitability as a protective material for GOS electron
sources. However, the potential of h-BN as an oxygen
resistance protective layer for GOS electron sources has not
been investigated in detail. In this study, we demonstrated the
effectiveness of h-BN as the oxygen resistance protection layer
of the GOS devices. The dependence of the oxidation
resistance and electron emission efficiency of GOS devices
on the thickness of h-BN was further investigated.

33005

B EXPERIMENTAL SECTION

In this study, a GOS device with an h-BN protective layer was
fabricated by the following procedure, and its electron
emission performance and oxidation resistance were evaluated.
Photolithography and wet etching were applied to an n-type Si
substrate with a 300 nm thick SiO, layer to form a 10 pm
square emission area. After the standard semiconductor
cleaning method called “RCA standard clean,”?”*! a thin
SiO, insulating layer of 10 nm was grown by thermal oxidation
at 950 °C under an O, flow of 1 L/min at atmospheric
pressure. A graphene electrode with a thickness of 1 nm,
corresponding to around 3 layers of graphene, was directly
deposited by plasma-enhanced chemical vapor deposition
(CVD) at 700 °C using methane as a carbon source.'”'*"”
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Figure 3. Raman spectra of graphene electrode of the GOS device before and after ashing (a) without h-BN, (b) with multilayer h-BN, and (c)

with monolayer h-BN.

After the graphene was partially etched by oxygen plasma, the
contact electrodes of Ni (100 nm)/Ti (10 nm) stack were
formed by a process of electron beam evaporation and lift-off.
Then, the back contact electrode with the same material and
thickness as the contact electrode was deposited on the wafer’s
back surface by electron beam evaporation. Multilayer (13 nm
in thickness) or monolayer h-BN films synthesized on Cu foil
(EM Japan Co., Ltd.,, Cat no. G-53 and G-54) were used for
the protective layer. The transfer of h-BN onto the graphene
electrode from Cu foil was accomplished according to the
technique described in ref 18. A small amount of organic
residue caused by a photoresist used in the transfer processes
remained on the h-BN surface. To evaluate the effect of the h-
BN layer and its thickness on the oxidation resistance and
emission performance of the GOS device, three types of
devices were fabricated: with multilayer h-BN, with monolayer
h-BN, and without the h-BN protective layer.

As an oxidation resistance test, all three samples were
exposed to an O, plasma of 100 W for 4 min using an oxygen
plasma asher (referred to as ashing). Before and after ashing,
the emission current densities were measured versus the
applied gate voltages of the device to evaluate the oxidation
resistance. The h-BN surface was exposed to air before and
after the ashing process, as the oxygen plasma ashing was
conducted ex situ in another chamber after the emission
measurements. The Raman spectra of the graphene electrode
were also measured to confirm that graphene remains. The
cycles of the emission test, Raman spectrometry, and ashing
were continued until the GOS devices had lost their capability
for electron emission.

B RESULTS AND DISCUSSION

Figure 1 shows an optical image of the device with multilayer
h-BN and a schematic of the measurement setup of the
device’s emission performance. The h-BN protection layer had
several wrinkles and cracks which were generated during the
transferring processes of h-BN from the Cu foil. By applying
the gate voltage, V;;, electrons are emitted from the emission
area; these electrons encounter the 1-kV applied collector
anode, and the emission current I, is measured. The cathode
current is measured as Ic, which includes the total current
passing through the SiO, insulating layer. To evaluate the
emission performance, the emission current density J, (=I,/
emission area) and the emission efficiency 1 (=I,/Ic) were
used.

Figure 2 shows the J, — Vg curves and the emission
efficiency before and after ashing for all three types of GOS
devices. Here, the applied voltage was restricted to near the
onset voltage of electron emission to avoid a dielectric
breakdown during emission measurement. Before ashing, the
device without h-BN started to emit electrons at around V5 =7
V, and the emission current density reached 1.02 mA/cm? with
an emission efficiency of 17% at V5 = 8 V, as shown in Figure
2a. The device with multilayer h-BN was able to emit electrons
even though the 13 nm thick h-BN layer was present in the
emission area, as shown in Figure 2b. The emission current
density reached 3.13 X 107> mA/cm? with an emission
efficiency of 2.61 X 107*% at V; = 11 V. However, the device
required a slightly higher applied voltage of 10 V to start the
emission and had a lower emission efficiency than the GOS
without h-BN. This degradation of performance arose because
some electrons emitted from the emission area were blocked
by the thick h-BN layer and the organic residue on h-BN from
the transfer process. The device with monolayer h-BN was also
able to emit electrons, and the emission current density
reached 1.25 mA/cm? at V; = 9 V, as shown in Figure 2c. The
emission efficiency reached 3% at V; = 9 V and was lower than
that of the GOS without h-BN. This result was also due to the
organic residue on the transferred h-BN. By introducing a
thinner h-BN layer instead of a 13 nm thick one, the emission
current density and the emission efficiency were successfully
improved.

After the first ashing for 4 min, the device without the h-BN
protective layer was not able to emit electrons, indicating that
the graphene electrodes were oxidized and removed because of
the exposure to oxygen plasma, which was confirmed by the
Raman spectrometry on the graphene electrode after ashing.
The peak intensities of graphene were weakened after the
ashing, as shown in Figure 3a, showing that most of the
graphene electrode was oxidized and disappeared. In contrast,
both devices with multilayer and monolayer h-BN succeeded
in emitting electrons, as shown in Figure 2b,c. These results
indicate that the graphene electrode underneath the h-BN
remained under the oxygen plasma exposure, which is also
supported by the Raman spectrometry results, as shown in
Figure 3b,c. In addition, comparing these results with those
before the ashing, the emission current density increased, and
the emission efficiency improved. This is probably due to the
removal of organic residue that had prevented the electron
emission from the h-BN surface during ashing, considering the
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electron emission efficiency of GOS devices was found to be
improved due to the removal of the contamination of the
surface of the GOS devices by the vacuum annealing in our
previous study.” For the device with monolayer h-BN, the
emission efliciency was increased to 11%, comparable to the
GOS device without an h-BN protection layer. This result
shows that a thin h-BN protective layer with a clean surface can
provide oxygen tolerance to GOS devices without a significant
emission loss. However, for some devices with monolayer h-
BN, the emission performance deteriorates after ashing,
probably because some oxygen intruded underneath the h-
BN layer from small cracks and wrinkles in the transferred h-
BN and partially oxidized the graphene electrode. Therefore, a
smooth h-BN layer is ideally required to prevent oxygen
intrusion under the h-BN and to further improve the device’s
oxygen resistance in future studies. One possible solution is the
direct deposition of the h-BN layer onto the graphene
electrode by CVD; h-BN with high crystallinity can be
grown epitaxially on graphene because of the similar crystal
structure of the two materials.””

After the second ashing for 4 min, the device with
monolayer h-BN lost its capacity for electron emission. The
monolayer h-BN was etched by oxygen plasma, resulting in
oxidation and the loss of the graphene electrode, which was
confirmed by Raman spectroscopy, as shown in Figure 3c. In
contrast, the device with a thicker 13 nm h-BN layer was able
to tolerate two ashing cycles, indicating that a thicker h-BN
protective layer imparts more oxidation resistance to the GOS
device; however, as seen from the results before ashing, the
efficiency of the electron emission will deteriorate for devices
with a thicker h-BN layer. Therefore, there is a trade-off
between emission performance and oxygen resistance. Even
though the GOS device was covered by multilayer h-BN, both
the emission current density and the efficiency decreased after
the second ashing. The cathode current of the device after the
second ashing increased by one order of magnitude compared
to that after the first ashing, and the cathode current density
went from 4.6 X 10* to 3.3 X 10° mA/cm? when Vg = 11V,
indicating an increase in the leakage of current through the
damaged SiO, layer. The GOS device is the capacitor structure
with a very thin SiO, insulating layer with a thickness of
around 10 nm. Therefore, the SiO, insulating layer was easily
electrically damaged by static electricity. The SiO, layer has a
soft breakdown by the charge up of the graphene electrode
during an oxygen plasma exposure since the graphene
electrode is electrically floated from the Si substrate. The
voltage drop in the graphene electrode increased because of
this leakage of current, and the effective applied voltage at the
emission area was decreased. Therefore, the applied voltage
required to initiate electron emission increased, and the J, —
Vg curve became gradual, resulting in a decrease in the
emission current density and the emission efficiency after the
second ashing, as shown in Figure 2b,d. In addition, the Raman
spectrometry analysis showed that the peak intensities of the
graphene electrode with multilayer h-BN were not weakened
after each ashing process, indicating that graphene was not
damaged during ashing (see Figure 3b).

The thickness of multilayer h-BN was measured before and
after ashing to investigate whether the h-BN is etched by the
oxygen plasma treatment. A sample with a multilayer h-BN (13
nm)/Si0, (300 nm)/Si structure was prepared so that a
square-shaped multilayer h-BN was fabricated by photo-
lithography and reactive ion etching, as shown in Figure 4.

(a) 1K

h-BN measure the step

Si substrate

Figure 4. Sample with a multilayer h-BN/SiO,/Si structure: (a)
schematic and (b) optical image.

The distance between the tops of the h-BN and SiO, layers
was measured by atomic force microscopy (AFM) before and
after ashing to obtain the etched thickness of h-BN during the
ashing process.

Three samples were prepared and exposed to oxygen plasma
generated under the same conditions as in the device test for
the times shown in Table 1. Samples 1 and 2 were exposed to

Table 1. Ashing Time for Three Samples

ashing time (min)

re-ashing after exposure to

ashing for the first time air
sample 1 15 15
sample 2 30 30
sample 3 30 -

(15 min X 2 without exposure to
air)

air to measure the distance by AFM after the first ashing and
then exposed to oxygen plasma again. For sample 3, ashing was
performed twice in succession without exposure to air.
Figure S shows the amount of decrease in h-BN thickness
with respect to total ashing time. The thickness reduction was

-

A Sample 1
4f| @ Smaple 2
|| ® Sample 3 +

Etched thickness of h-BN (nm)

) 4 |

0 30 60
Total ashing time (min)

Figure S. Decreasing amount of h-BN thickness with respect to total
ashing time.

calculated relative to the thickness of h-BN before ashing. The
plots in the figure show the mean value of the h-BN thickness
reduction, and the error bars show the standard error. For
sample 1, the etched thickness reduction of h-BN after the first
ashing was calculated to be negative, which appears to imply an
increase in h-BN thickness; however, that cannot be the case.
In addition, no deposition onto the surface of h-BN occurred
under the experimental conditions, which was confirmed by
the AFM image. Therefore, the negative etched thickness is
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considered to be an artifact of the measurement, and the
etched thickness of h-BN in sample 1 after the first ashing for
1S min is assumed to be negligible. Sample 2 was exposed to
the oxygen plasma for 30 min for the first ashing; its etched
thickness was also close to 0 nm. These results indicate that the
etching of h-BN hardly progressed during the first ashing
process. In contrast, although the ashing times of both the first
and second ashing were the same, the etched thickness of both
samples 1 and 2 after the second ashing exceeded 3 nm,
indicating that the etching of h-BN occurred during the second
ashing process. These results well correspond to the
experimental results of oxygen resistance for the GOS devices
with monolayer h-BN, as shown in Figure 3c. Namely, the h-
BN layer can be etched by the second ashing process after the
air exposure that follows the first ashing process.

One reason for the etching of h-BN to occur only after the
second ashing process is the assistance of water in etching. In
addition to oxygen, H,O was likely to be present in the
chamber for the ashing process because the inside of the
process chamber was exposed to air when the sample was set,
so that H,O present in air adhered to the inner walls of the
chamber and the sample surface. We hypothesize that this H,O
from the air contributed to the etching of h-BN. Previously,
electron beam direct etching of h-BN using H,O as a precursor
gas has been reported, implying that chemisorbed H,O
contributed to the etching of h-BN.*® In the first ashing,
residual H,O molecules are consumed in burning the thin layer
of organic residue on the h-BN surface caused by the transfer
process. Because the organic residue on the surface of h-BN
had been removed in the first ashing, H,O molecules are
present to assist the etching of the h-BN layer in the second
ashing.

To confirm our hypothesis for the effect of the residual H,O
molecules on h-BN etching during the ashing process, sample
3 was exposed to oxygen plasma for 15 min twice in succession
without exposure to air except during the first sample set.
Thus, at the start of the second ashing, virtually no organic
residue or H,O would exist on the sample surface because
these species would have been removed during the first ashing.
Therefore, by comparing the results of samples 1 and 3, the
acceleration of h-BN etching during the ashing process by the
H,O on the h-BN surface can be confirmed. The total ashing
time was equal for samples 1 and 3. However, the amount of h-
BN etched in sample 1, which was exposed to air before the
second ashing, is twice that of sample 3.

We further carried out additional experiments of the h-BN
etching by air plasma, which contains H,O molecules, to clarify
the contribution of H,O molecules to h-BN etching, as shown
in Figure 6. To eliminate the effect of H,O molecules adhered
on the h-BN surface and the surface of the process chamber,
the h-BN sample and the process chamber were annealed at
200 °C for 10 min under the base pressure of around 5 X 107
Pa. After cooling down to room temperature, h-BN sample was
exposed to the air plasma (room temperature of 26 °C with a
relative humidity of 45%) of 100 W with a pressure of 10 Pa. In
the case of the air plasma etching of h-BN layer, etching of h-
BN occurred at the first plasma treatment. In addition, the
etched thickness of h-BN monotonically increased with respect
to the total time of the air plasma treatment.

These results indicate that the H,O directly adhering to the
surface of h-BN accelerates the etching of h-BN during ashing.
Therefore, at the second ashing of the GOS device with
monolayer h-BN, the monolayer h-BN would be removed
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Figure 6. Etched thickness of h-BN by air plasma exposure as a
function of total ashing time.

through this phenomenon, and the graphene electrode itself
would be etched by the oxygen plasma, resulting in the loss of
the device’s emission capability.

B CONCLUSIONS

In conclusion, by introducing h-BN as a protective layer on the
graphene electrode of the GOS device, the oxidation resistance
of the device was successfully improved while its emission
performance was maintained. The device with monolayer h-
BN tolerated oxygen plasma irradiation for 4 min and achieved
an emission efficiency of 11%. A thicker h-BN layer imparted
higher oxidation resistance to the device, but the emission
efficiency decreased compared with the device with monolayer
h-BN. Thus, there is a trade-off between the device’s emission
performance and its oxygen resistance. Therefore, the thickness
of h-BN on the graphene electrode must be adjusted according
to the requirements for the intended application of the device.
We also found that oxygen plasma intruded through cracks and
tears in the transferred h-BN, resulting in a partial etching of
graphene and a decrease in its emission performance. Based on
these findings, the direct deposit of h-BN on the GOS devices
by CVD, which can provide smooth films with adjustable
thickness, is an effective means of further improving the oxygen
resistance of GOS devices as necessary for the desired
applications. However, adherence of H,O directly to the
surface of h-BN is one probable cause of the acceleration of the
etching of h-BN during ashing, resulting in the emission loss of
the device with monolayer h-BN after the second ashing. For
applications in liquid or air with H,O, preventative measures
must be followed to avoid the adherence of H,O to the surface
of h-BN, such as applying a hydrophobic treatment to the
surface of h-BN.
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