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Electron emission from boron nitride coated Si field emitters

Takashi Sugino,® Seiji Kawasaki, Kazuhiko Tanioka, and Junji Shirafuii
Department of Electrical Engineering, Osaka University, 2-1 Yamadaoka, Suita, Osaka 565, Japan

(Received 11 June 1997; accepted for publication 3 Septembey 1997

Electron emission characteristics of sulf(8)-doped boron nitride(BN) films synthesized by
plasma-assisted chemical vapor depositiBACVD) are investigated. The BN film consists of
hexagonal grains of 3 nm in size. The energy gap is estimated to be as wide as 6.0 eV from
ultraviolet-visible optical transmission measurement. The electrical resistivity is reduced to 4.9
X107 Q cm. Si tip field emitters coated with the BN film are fabricated. The electron emission
occurs at an electric field as low as 6, while a high electric field of 20 \{/m is needed to emit
electrons from the Si tip array without BN coating. It is deduced that the tunneling barrier height of
0.1 eV exists at the surface of the BN film. @®97 American Institute of Physics.
[S0003-695(197)00944-3

Much attention has been paid to diamond base fieldrig. 1. BCL and N, were utilized as source gases to avoid
emitters as an electron source with a highly reliable perforhazardous and toxic materials such aglB The substrate
mance because diamond has superior properties such @@s placed on a stainless holder, and was heated by an ex-
negative electron affinityNEA), chemical inertness, and ternal furnace. The temperature was monitored with a ther-
mechanical hardness. Development of field emitters is democouple installed in the stainless holder. The reactor was
sired for vacuum microelectronic devices and field emissiorevacuated to the base pressure of10 2 Torr by a rotary
flat panel displays. Electron emission from diamond films ispump. The substrate temperature and the total gas pressure
observed at considerably low electric fiéldMoreover, it  were fixed at 650°C and 1 Torr, respectively. Prior to depos-
was found that the operation electric field was reduced effeciting BN films, the substrate was treated with plasma for
tively for Si and Mo field emitters coated with diamo?id. 3 min in the reactor to clean the surface. A mixture gas of
However, formation of thin diamond films with a smooth BCI; and H, was introduced near the substrate without mix-
and uniform surface is needed to fabricate diamond-coateithg with N, plasma. The N/B flow rate ratio (N4g,) was
field emitters. Furthermore, it is not easy to growtype regulated at 2.5 under the condition that B@las fixed at
diamond films with a high electron concentration. Recently0.8 sccm. N plasma was produced 15 cm away from the
NEA has been observed for not only diamond but also AINsubstrate by supplying rf powét3.56 MH2 to the turn coil
by ultraviolet (UV) photoelectron spectroscopyUPS  which was installed around the reactor. The rf power was
study® Moreover, the field emission characteristic of the bo-fixed at 40 W. BC} mixed with H, was decomposed near the
ron nitride (BN) film synthesized by laser ablation suggestedsubstrate by heating due to the external furnace. N ions pro-
strongly that NEA appeared at the surface of the BN film. duced in the N plasma were accelerated onto the substrate
Chemical and mechanical properties of BN are expected tby application of the dc negative bias. The present experi-
be superior to those of Si and metals used so far for the studyent was carried out at the applied bias of 200 V. Sulfir
on field emitters. was doped as a donor impurity. Solid S was heated and

Synthesis of BN films has been carried out by varioustransported with B gas into the reactor as shown in Fig. 1.
method<S 13BN is well known as a material which has vari- The growth rate was estimated to be 100 nm/h on the flat Si
ous phases such as hexagonal, cubic, and so on with growstibstrate under these conditions.
methods and conditions. We characterized BN films synthe- The field emission characteristic was measured at room
sized by plasma-assisted chemical vapor deposition an@mperature for BN films deposited on Si flat substrates and
found that the electron emission occurred from sulf8f- Si tip arrays. The film thickness was 300 nm. A Si wafer of
doped BN films at a low electric fieftf. 3 mn? in area was utilized as an anode electrode. The anode

In this letter, fabrication of the Si tip field emitters Was set 125um away from the sample surface using two
coated with S-doped BN film is attempted. A significant im-
provement of the emission characteristic is demonstrated for
the BN-coated Si tip array. DC negative-bias

Deposition of BN films was attempted onSi flat sub- -

strates and-Si substrates with Si tip array. The array with — RF plasma

1600 tips was formed in the area of 8.4 mnf with a n‘hn Y,

separation of 1Qum using wet etching and thermal oxidation ’é}: \ A \d] \ \ Solid S
processes. BN films were synthesized by PACVD under ap- ARR" L
plication of dc negative-biasMpc) to the substrate. The vacum = r=— BCf3+H2 T
schematic diagram of the experimental apparatus is shown i Thermocouple M N,
dElectronic mail: sugino@pwr.eng.osaka.ac.jp FIG. 1. Apparatus for plasma assisted chemical vapor deposition.
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TABLE |. Properties of BN film.

104 — T T
Structure hexagonal R _
nanocrystalline film
Grain size 3nm < i .
Band gap 6.0 eV —107 | 4
Electrical resistivity undoped BN 210" QO cm Z
S-doped BN 45107 QO cm H:J B ]

14 R ]

o

010-10_ |
pieces of glass fiber as a spacer. Ohmic contacts on Si sub- i —
strates were provided with Ag epoxy. A resistor of )M . g:gg with BN
was connected to the cathode electrode to protect the mea- i A Flat BN on Si
surement equipment. The field emission measurements were 10'13O 1'0 2'0 . 3'0 4'0

carried out at a pressure of<5L0"/ Torr.

Optical and electrical characterization of the BN films
was performed by transmission electron microscqpiEM) . o o o
observation, ransmission electron diffactieiED), Fourier  £1°. % ETSSen Farent = secic et clarecriies o 5 o Ay
transform infrared absorptiofFTIR), ultraviolet-visible op-  solid circles and solid triangles, respectively.
tical transmission and current—voltagd —/) measure-

mentst Properties of BN films are summarized in Table I. Figure 2 shows scanning electron microsc@pEM) mi-
TEM observation was carried out for a BN film as thin ascrographs of Si tips before and after BN coating. It is ob-

100 nm. It was confirmed that BN films consisted of Sma”served that the Si cone is formed and its height jsr. The
grains, the size of which is about 3 nm. Moreover, a Signiﬁ'curvature of the Si tip is 0.04m in radius. In contrast to

cant ring pattern was observed for the same sample by TERis 4 significant variation in the tip shape is observed after
measurement. The FTIR spectrum consisted of two absorRyepositing BN film. The curvature of the tip is increased to
tion bands at 800 and 1380 ¢t which suggest the exis- 0.16 um. This is due to depositing a BN film as thick as 0.3
tence of the hexagonal phase of BNThe energy gap of the  ,m on the flat surface of Si in the present experiment. It was
BN film was evaluated to be 6.0 eV from the absorptioncsnfirmed that no remarkable change in the shape of the Si

spectrum measured in the UV-visible region. The electricaly gccurred due to etching with Cl atoms during deposition
resistivity estimated from thel-V characteristic was ¢ the BN film.

2x 10 Qcm for the undoped BN film. On the other hand,
the electrical resistivity was reduced to %.30° Qcm by

ELECTRIC FIELD (V/um)

The emission characteristics are measured at room tem-
perature for Si tip arrays with and without coating with S-

doping with S. doped BN films. The emission characteristic of the S-doped
BN film deposited on the flat substrate is also measured for
comparison. Figure 3 shows the electron emission current as

(@ a function of the electric field which is estimated from the

applied voltage and the separati¢ti25 um) between the
anode and the sample surface. A measurement limit of the
emission current was10 12 A in the present apparatus.
The emission current is detected at the electric fields higher
than 9 Vjum for the flat BN film. This value of the electric
field is designated as a threshold electric field in this letter.
The field emission characteristic of the flat BN film corre-
sponds to that of the diamond film terminated with hydrogen,
the surface of which has negative electron affifftyThe
threshold electric field is 20 Wm for Si tip array without a
BN film. On the other hand, the threshold electric field of the
BN-coated sample is as low as 6. A significant reduc-
tion in the threshold electric field can be achieved by coating
with a BN film. Moreover, it is lower than that of the flat BN
film sample. This is due to concentration of the electric field
at the surface of the BN film deposited onto Si tips. It is
expected that the threshold electric field can be further re-
duced by forming a BN-coated Si field emitter with a sharp
tip.
Figure 4 depicts the Fowler—Nordhei(#N) plot for
three samples shown in Fig. 3. The straight line suggests the
1um emission of electrons tunneling through the potential barrier.
When assuming that the electric field is uniform at the sur-
FIG. 2. SEM photographs af) Si tip and(b) BN-coated Si tip. face of the flat BN film, an enhancement fac(@j is 1. The

(b)
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the barrier heights of the flat BN film and BN-coated Si tip.
- — ! This means that a small positive electron affinity appears at
° Sitip the surface of the present BN films.
o Si-tip with BN ] . L
4 Flat BN on Si The steep slope of the FN plot in the high electric field
region may be due to the electron emission from the different
area. The enhancement factor is estimated to be 56 from the
. steep slope using the tunneling barrier height of 0.1 eV. A
reduction of the enhancement factor means that the emission
characteristic becomes similar to that at the flat BN surface.
. Therefore, it may be considered that electron emission oc-
curs at the foot of Si tips.
In summary, Si tip field emitters are coated with S-doped
% 2 BN film by plasma-assisted chemical vapor deposition. The
1000/ V electron emission occurs at the electric field as low as 6
V/um for BN-coated Si tip array. It is demonstrated that BN
FIG. 4. FN plots for the samples shown in Fig. 3. coating is effective in improving characteristics of Si tip field
emitters. Moreover, the present experimental results suggest

) ) ) o ) that a tunneling barrier height as low as 0.1 eV exists at the
tunneling barrier height of the BN film is estimated to be 0.1g, face of the BN film.
eV from the slope of the straight line. In the case of the Si tip
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