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The electron emission properties of planar-type electron emission devices based on a graphene-
oxide-semiconductor (GOS) structure before and after vacuum annealing were investigated. The fluc-
tuation of the electron emission current was around 0.07%, which is excellent stability compared to
the conventional field emitter array. The GOS devices were operable in very low vacuum of 10Pa
without any deterioration of their electron emission properties. Improvement of the electron emission
properties of the GOS devices was achieved by vacuum annealing at 300 °C. The electron emission
efficiency of the GOS type electron emission devices reached 2.7% from 0.2% after vacuum anneal-
ing. The work function of the graphene electrode was found to decrease 0.26 eV after vacuum anneal-
ing by Kelvin force probe microscopy analysis. These results indicated that the improvement of the
electron emission efficiency of the GOS devices by vacuum annealing is due to the decrease in the
work function of the graphene electrode. Published by the AVS. https://doi.org/10.1116/1.5006866

I. INTRODUCTION

A planar type electron emission device based on a
metal-oxide-semiconductor (MOS) structure’ has great
potential for applications utilizing electron beams such as
field emission displays,” high-sensitive image sensors,®
field emission lamps,*> and flat-panel x-ray sources®’ since
it can be operated in low vacuum and low voltage condi-
tions' compared to a conventional field emitter array.®
However, its electron emission efficiency, which is defined
as the ratio of emission current from the topmost gate elec-
trode into vacuum divided by the total current flow through
the semiconductor substrate, is typically very low of around
0.002%.° There are three primary factors for the low elec-
tron emission efficiency of the MOS type electron emission
devices, as shown in the band diagram of the MOS type
devices during electron emission (Fig. 1). The first factor is
electron inelastic scattering within the oxide layer. When a
gate bias voltage is applied to the metal electrode, the
potential barrier of the oxide layer becomes a triangle
shape, and by increasing the voltage, the barrier width for
an electron tunneling decreases. Then, electrons on the
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conduction band of the Si substrate tunnel into the oxide
layer. While the tunneled electrons travel through the oxide
layer under the influence of the electric field, electrons are
scattered and lose their energy.” The second factor is elec-
tron scattering within the metal gate electrode.” The third
factor is the electrons which have lower energy than the
work function of the metal gate electrode collected by the
gate electrode as the gate current of the MOS devices.'® To
improve the electron emission efficiency of MOS devices,
suppression of electron scattering within the oxide and the
electrode is very important. Another strategy is to use low
work function materials as a gate electrode. In our previous
study, a high emission current density of 1-100 mA/cm?
was achieved by suppressing the inelastic electron scatter-
ing within the topmost gate electrode using a graphene gate
electrode, while maintaining a relatively high electron
emission efficiency of 0.1%—1%, which is 2 orders of mag-
nitude higher than the conventional MOS planar-type elec-
tron emission devices.'! In this study, detailed electron
emission properties of the graphene-oxide-semiconductor
(GOS) type planar electron emission device (e.g., operating
vacuum pressure dependence and stability of electron emis-
sion current) and further improvement of its electron emis-
sion properties by vacuum annealing are discussed.

Published by the AVS. 02C110-1
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FiG. 1. (Color online) Energy band diagram of the conventional MOS type
electron emission device during electron emission.

Il. EXPERIMENT

A highly doped n-type Si substrate with a thermal oxide
thickness of 300 nm was used. The electron emission area of
10-100 um square was fabricated using conventional photo-
lithography and wet etching. The thin oxide layer with a
thickness of 8 nm was then grown by thermal oxidation at
900 °C after conventional RCA cleaning. A graphene elec-
trode with a thickness of 7nm was synthesized on the entire
surface of the substrate by gallium vapor-assisted chemical
vapor deposition (CVD) at 1050°C.'?> The Au/Cr contact
electrode was then fabricated using conventional photoli-
thography, radio frequency sputtering, and the lift-off pro-
cess. Finally, the graphene electrode was partially etched by
photolithography and O, plasma for device isolation. Their
detailed fabrication processes were described elsewhere.'!

The electron emission characteristics were measured in a
vacuum chamber at the pressures of 10, 1074, and 10 °Pa
evacuated by a turbomolecular pump and/or a scroll pump,
respectively. An anode electrode of a metal plate for apply-
ing a voltage of 1kV was placed 5 mm away from the gate
electrode. In the case of the operating vacuum pressure
dependence measurement, the anode bias was 100 V in order
to prevent electric discharge at low vacuum. The cycle of
evacuation and vent of the measurement chamber and elec-
tron emission measurement at each vacuum level were per-
formed twice. In addition, the electron emission properties at
low vacuum conditions of 10 Pa were measured three times.
The GOS devices were annealed at 200—300 °C in the load-
lock chamber at a base pressure of ~10~*Pa.

The work function of the graphene electrode before and
after annealing was measured by Kelvin force probe micros-
copy with a Pt/Ir coated Si probe in the atmosphere using the
PeakForce KPFM mode of Bruker Dimension ICON.

lll. RESULTS AND DISCUSSION

Figure 2 shows the scanning electron microscopy (SEM)
image of the typical GOS emission devices. The uniform
dark contrast region shows the graphene electrode. The gra-
phene electrode directly fabricated on the SiO, surface by
Ga-vapor assisted CVD was found to uniformly cover the
surface of the devices without any cracks and wrinkles,

J. Vac. Sci. Technol. B, Vol. 36, No. 2, Mar/Apr 2018
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FiG. 2. (Color online) SEM image of the GOS devices. The inset shows the
enlarged view of the electron emission area.

which is the inherent issue for the conventional graphene
transfer processes of the CVD graphene on a Cu substrate
using a resist polymer and Cu etching solutions."® In addi-
tion, the direct CVD method of graphene on an insulator
substrate would allow us to integrate the GOS devices in a
wafer scale, which is an advantage for future industrial
applications, although the limitation of the substrate size for
our CVD equipment is presently 20 mm square. The CVD
system of graphene direct synthesis on an insulator substrate
for a 4-in. wafer is now under development in our group.
Figure 3 shows the typical current-voltage curve, the
Fowler—Nordheim (FN) plots, and electron emission stability
of the GOS devices with an emission area of 100 um square.
Emission current was detected at the gate bias of around 9V
and reached 10mA/cm” at 20 V. The emission efficiency
reached the maximum (approximately 0.44%) at 13V and
then slowly decreased with the gate voltage. Although only
the data obtained from the GOS device with an emission
area of 100 um square were shown here, it was confirmed
that the current scales linearly increase with the emission
area from 10 to 100 um square, which means that electrons
emitted from whole of the emission area. The FN plot of
anode and cathode current showed a linear dependence,
which indicates that measured emission current is originated
from FN tunneling. The emission current fluctuation was
approximately 0.07% and showed no spike noise at a gate
bias voltage of 15V under direct current operation. The inte-
gration time of the source measure unit for stability measure-
ments was 1 power line cycles (50Hz). The root mean
square noise of the current measurement is *=0.3 pA, which
corresponds to *+3nA/cm® calculated from the electron
emission area of 100 um square. Therefore, measurement
error of the source measure unit hardly affects the stability
measurement at the current density level (i.e., around 70 uA/
cm?) of this experiment. The reason for the excellent stabil-
ity of electron emission current is that the potential barrier to
the electron tunneling is at the interface between the semi-
conductor substrate and the oxide layer and is not exposed to
a vacuum unlike the conventional field emitter devices.



02C110-3 Murakami et al.: Electron emission properties of GOS planar-type electron emission devices

; 10°
10° _
e S
5 15
%10'3 1107 2
£ S
2 E=
)
[}
GCJ 10 c
E 10-2 %
5 (2]
G’CJ —— Cathode =
= f ——Anode L
© 10° " H — Efficiency
— . 107
0 5 10 15 20
10 Gate voltage (V)
! d T
(b) —— Cathode
[ ——Anode
< 20 |
=
k=3
-
-30 | i
| N 1
0.1 0.2
100 JVAA)
——— ——————
~ 1t Vy=15V
N
5 8r 0.07 % fluctuation |
Lo [
= i S |
2 27170 |
o 40 | z
o 5
‘E i 271.65 L
°20| &
8 (_)71.6010 2|0 %
0 1 Time (s) .
0 50 100
Time (s)

FiG. 3. (Color online) (a) Typical current—voltage curve, (b) FN plots, and
(c) electron emission stability of the GOS device with an emission area of
100 pm>.

Therefore, the fluctuation of the potential barrier by adsorbed
molecules, which is the main reason for unstable electron
emission of the conventional field emitters, is avoided.
Another possible reason is the large electron emission area
of the GOS devices compared to the conventional field emit-
ters. In the case of the conventional field emitter, the stability
of the emission current improves by increasing the number
of integrated field emitters.'* The large electron emission
area would be regarded as an array of emission sites like a
field emitter array.

Figure 4 shows the typical current-voltage curve of the
GOS device operated at 10 Pa, the FN plots, and the anode
and cathode current of the GOS device at the gate bias
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FiG. 4. (Color online) (a) Typical current—voltage curve of the GOS device
operated at 10 Pa, (b) FN plots, and (c) Anode current, cathode current, and
electron emission efficiency of the GOS device at the gate bias voltage of
20V as a function of a vacuum pressure.

voltage of 20V as a function of a vacuum pressure. The elec-
tron emission properties of the GOS devices did not deterio-
rate even at a vacuum pressure of 10Pa. As described
before, the potential barrier for the electron tunneling of the
GOS devices is internal to the device structure. Therefore,
high electric fields for electron tunneling can be applied at
even atmospheric pressure without an electric discharge.
Consequently, the GOS devices can be operated at a high
pressure of 10Pa. In fact, the planar type electron emission
devices based on a MOS structure can be operated in atmo-
spheric pressure'® and liquid.'® This unique feature can

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena
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provide novel applications utilizing electron beams, such as
the hydrogen generation by hot electron irradiation to
water.'®

Figure 5 shows the typical current-voltage curve of the
GOS devices, the FN plots, and the data for electron emis-
sion efficiency of the GOS devices before and after vacuum
annealing. The gate voltage, at which the anode current was
detected in our measurement set-up, shifted to 8 V from 10V
after 300 °C annealing for 1 h. The anode current density at
the gate voltage of 13V increased from 100 pA/cm?® to
1.4mA/cm? after 300°C annealing, while the cathode cur-
rent density was almost unchanged. Consequently, the elec-
tron emission efficiency improved ten times due to 300°C

100 . T . . . 4 10’
a) Dash line: before annealing ;
— - Solid line: annealing at 300 °C <
NE &\’
§ . — Cathode 110 &
< 10° L ——Anode 3
- o
= — Efficiency i £
S o
© {107 8
5 10° 7
= S
8 I
. . 1 . 1072
0 5 10 15
Gate voltage (V)
-20 T d T
(b) Dash line: before annealing
[ Solid line: annealing at 300 °C ]
«—
S 25 [
“«—
2
k=4
3
-30 | 4
—— Cathode |
——Anode
1 " 1
0.1 0.2
10'

@ Before annealing ]

0.2 @ 200 °C annealing |
@ 300 °C annealing
M 1 N 1

Emission efficiency (%)
(e}

10" L
0 5 10 15

Total annealing time (hour)

Fic. 5. (Color online) (a) Typical current—voltage curve and (b) FN plots of
the GOS devices before and after annealing at 300 °C for 1 h. (c) Series data
of electron emission efficiency of the GOS device before and after
annealing.
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annealing. The efficiency after annealing at 200°C was
found to increase with annealing time. The efficiency
reached 1.7% from 0.2% by annealing at 200 °C for 12.5h.
The additional annealing at 300°C further improved the
electron emission efficiency and reached 2.7%. The emission
efficiency was slightly deteriorated by air exposure after vac-
uum annealing. However, electron emission efficiency
retained a higher value than the initial state even after expos-
ing the GOS devices to air for 5 days. Such a long air expo-
sure time is enough to reach the same surface coverage of
gas molecules as the initial conditions. These results indicate
that the origin of the improvement of the efficiency of the
GOS devices is not only the desorption of the adsorbed mol-
ecules, such as water and oxygen, on the surface of the gra-
phene gate electrode.

Figure 6 shows the topography image of the GOS device
and the line profiles of the work function difference of the
GOS devices with respect to the Pt/Ir coated Si probe before
and after annealing. The values of the work function of the
GOS device were estimated using the work function of Pt of
5.65 eV."” The estimated values of the work function of the
graphene electrode and the Au contact electrode before and
after annealing are summarized in Table I.

The work function of the graphene gate electrode was
found to decrease by 0.26 eV after vacuum annealing, which
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Fic. 6. (Color online) (a) Topography image of the GOS device; (b) Line

profiles of the work function difference of the GOS devices with respect to
the Pt/Ir coated Si probe before and after annealing.
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TaBLE I. Work function of the graphene electrode of the emission area and
the Au contact electrode of the GOS device before and after annealing.

Work function (eV)

Graphene (Emission area) Au contact
Before annealing 5.54 5.6
After annealing 5.28 5.16

is the conceivably main factor for the improvement of the
electron emission efficiency of the GOS device. The work
function of the Au contact electrode was also decreased
0.44 eV after vacuum annealing. In addition, the work func-
tion of the Au contact electrode after vacuum annealing was
5.16 eV, which is consistent with the work function of Au
reported in the literature.!” Therefore, the reduction of the
work function by vacuum annealing observed in our experi-
ment was not a peculiar phenomenon on graphene. The pos-
sible reason for the reduction of the work function of the
GOS device by vacuum annealing is the removal of the con-
taminations on the surface of the devices, such as residual
photo resist polymers used in the device fabrication pro-
cesses. However, the work function of the graphene elec-
trode after vacuum annealing is 5.28 eV, which is still higher
than its theoretical value of 4.5-4.6 eV.'®' One possible
explanation for the higher work function of the graphene
gate electrode is that the hole doping occurred from the
adsorbed oxygen on the graphene surface.”® Another possi-
ble reason is that the graphene synthesized by Ga-vapor
assisted CVD shows p-type characteristics.'? These lead to
the higher effective work function of the graphene gate elec-
trode. Therefore, n-type doping of the graphene gate elec-
trode by a chemical surface treatment would further improve
the electron emission efficiency of the GOS devices.”' >

IV. SUMMARY AND CONCLUSIONS

The electron emission properties of the GOS devices
before and after vacuum annealing were investigated. The
fluctuation of the electron emission current is around 0.07%,
which is excellent stability compared to the conventional
field emitter array. In addition, the GOS devices were opera-
ble in very low vacuum of 10 Pa without any deterioration of
their electron emission properties. The electron emission
efficiency was found to be improved by vacuum annealing at
200-300 °C. The maximum electron emission efficiency was
2.7% after vacuum annealing at 300 °C. The work function
of the surface of the graphene gate electrode was found to
decrease, which is perhaps the main contribution to the

02C110-5

improvement of the electron emission efficiency of the GOS
devices. The planar type electron emission devices with high
electron emission efficiency operable in low voltage and low
vacuum conditions would provide novel and widespread
applications utilizing electron beams.
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