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Silicon nanotips with tip diameter and height measuring 1 nm ajpghl respectively, and density

in the range of 19-3x 10 cm™?2, were fabricated monolithically from silicon wafers by electron
cyclotron resonance plasma etching technique at a temperature of 200 °C. Field emission current
densities of 3.0 mA/ciat an applied field of-1.0 V/um was obtained from these silicon nanotips.
High-resolution transmission electron microscope and Auger electron spectroscopy analyses
concluded that the nanotips are composed of monolithic silicon and nanometer-size SiC cap at the
top. A 0.35 Vjum turn-on field to draw a 1@A/cm? current density was demonstrated, which is
much lower than other reported materials. The excellent field emission property demonstrated by
these nanotips, which were fabricated by a process integrable to the existing silicon device
technology at low temperatures, is a step forward in achieving low-power field emission displays
and vacuum electronic devices. 003 American Institute of Physic$DOI: 10.1063/1.1599967

With the advent of nanotechnologies, microfabricated = Nanomasks hold the key to the formation of high-density
sharp tips have come up as efficient field emitters than thoseanotips and, hence, the fabrication of nanomasks drives the
demonstrated initially by the Spindt-type cathodd3esign  nanotip technology. Several techniques have been employed
and fabrication of field emitter materials and devices haveo fabricate nanomasks, e.g., electron beam lithogr&phy,
achieved significant progress during recent y&drs pur-  precoating of substrates before reactive ion etcHiffgand
suit of a new generation of flat panel displagsd vacuum ion bombardment with a heterogeneous material placing to-
microelectronic devices, e.g., microwave power amplifiérs. gether with the object to be etch&titc. These processes are

Carbon nanotube€$CNTs) demonstrated remarkable field either too expensive or suffer from the lack of uniformity in
emission properties. The CNT field emitters can producderms of geometrical shape and distribution. An femtosecond
high current densities of tens of mA/énat a low applied laser processing of silicon has been reported to produce
electric field of few VEm.1%-12 However, the adhesion of sharp Si spikes, but of micron siz&sWe demonstrate a
CNTs to the substrate and the stability of CNT field emittersone-step approach that possesses scale-up capability and
remain the key issues to be addressed. Recently, CNT-bas&tRintains excellent uniformity over large area. Formation of
FEDs have been fabricated by integrated circuit technologyanomasks and development of nanotips by etching of the
and using selective area growth of CNT via microwavesubstrate occurs simultaneously in the same plasma.
plasma enhanced chemical vapor depositi@VD).2*"1° The silicon nanotips were fabricated using an electron
However, to achieve high structural quality of these CNT andeyclotron resonanceéECR) plasma reactor, which is com-
improved field emission performance, the process temperd¥ised of gases such as hydrogen)Hargon(Ar), methane
ture of CNT growth has to be maintained at above 600 °C(CH.), and silane (Sil) (10% in helium with a typical
On the other hand, field emitters utilizing lithographically flow rates of 8, 5, 1, and 0.2 sccm, respectively. Plasma
etched silicon tips usually require extremely smalll tip to gateetching of the Si100) substrate produced highly aligned uni-
spacing to achieve the required emission current density bdorm silicon nanotip arrays with the tip diameter typically in
cause of its high turn-on field of several tens ofi.!®1’A  the nanometer scale<(1 nm) and the tip length in the mi-
gross reduction in tip diameter and increased packing densitgfometer scale<1 xm). The tip density can be controlled
of the field emitter tips is required for a major advancement© range between £0and 16*cm™2, as the typical ones
in this field. In this letter, we report the fabrication process ofShown in Fig. 1. Each nanotip seems to be protected by a cap
high-density (18—3x 10 cm™2) silicon nanotips at low @t the tip-head. Th(_e major physical_ features_ of the nanotips,
temperatures-{ 200 °C) suited for integration into the state- €-9-, the aspect ratio and the packing density, could be con-
of-the-art silicon technology. Furthermore, high field emis-trolled by adjusting the etching parameters such as substrate

sion current density has been achieved at ultralow electritémperature, applied microwave power, etc. Typical process
field. temperature was 200 °C, relatively lower than that for the

aforementioned CNT growth.
%o | . c o b Unit. Indian Association for the Cut To verify the formation of SiC clusters as the nano-
n leave from: Energy Researc nit, Indian Association for the Cultiva- H H H
ion of Science, Calcutta-700 032, India. masks, which is suggested by the nanobeam Auger analysis

PAuthor to whom correspondence should be addressed; electronic maiftS mentioned earlier, high-resolution transmiSSi_On e|9Ctr0n
chenkh@po.iams.sinica.edu.tw microscopy(HRTEM) was also employed to acquire the di-

0003-6951/2G03/83(7)/1420/3/$20.00 1420 © 2003 American Institute of Physics



Appl. Phys. Lett., Vol. 83, No. 7, 18 August 2003 Lo et al. 1421

IRESRE ARG
gfﬁ‘%;%; 23 ’)ﬂf
" % » S ¥

i

“
- o '(.;ﬂw‘ 43'.“;?'

7 TN St

et :

ANaT, Uiy r;::.‘{"::r}"h:' &mﬂ'
TR S Mo
il 4 |
R e iﬁ: }’;_n‘r:w"c-
TR ARl FE
""i""i‘»“,i,‘," XY t "\?}(‘1.;;‘

i
0

Y
)\ ek
Wt } PV

%) g 3 8 LN

> Xy .

£
"

, ¢ »
0.258nm =>8iC(111)
-l
- '

Si(111)

-

p !

* fo0]

[-110)

[10] >
Ay TLreedltees

FIG. 2. The cross-section TEM micrograph of a SiC-capped Si nanotip. The
inset is a magnified lattice image at the interface between the Si and SiC,
which confirms the lattice spacings of the aforementioned materials.

silicon?® coexist during this process and proceed simulta-
neously in the plasma, forming the nanotips. Microfabricated
pure silicon field emitters are inherently chemically reactive.
The contaminants act as tunneling barriers resulting in a
_ _ _ _ _larger effective work function leading to emission instabili-
FIG. 1. Typical scanning electron microscopy micrograph of the 5|I|conties. Silicon carbide being chemically very stable happens
nanotips.(@) The cross-section view of nanotips ofm height with an b . ’ . ial f i ! .
aspect ratio of 1000(b) and (c) show the tilted top views of nanotips to be attractive as a CO"f‘“ng material for silicon e_m'tte_rs-
demonstrating the high density nature of the arrays f18'° and 1  However, the growth of SiC on a nanometer scale Si emitter
X 10" cm™?, respectively. surface is especially challenging because of the 20% mis-
match in lattice parameter between Si and $iChe one

rect evidence of the tip structure. As shown in Fig. 2, thestep fabrication technology, under consideration here, elimi-
HRTEM image of the nanotip shows clear(Eil) lattice  nates the need for any further encapsulation of the Si emit-
spacing of 3.14 A, and the cap of the tip with a lattice spaciers. The process was further applied to other substrate ma-
ing of 2.58 A. The cap is confirmed to be SiC since the 2.5derials such as GaAs, GaP, Al, and demonstrated similar
A lattice spacing is within 97% of the 2.51 dspacing of a  hanotip arrays of respective materials capped under a SiC
cubic phase Si(111),2 and thereby presented a clear evi- head, which will be reported separatéfyrigure 3 shows a
dence for the formation of the SiC nanomasks in the procesdypical field emission result for SiC capped nanotips on a
The results discussed so far demonstrate that silicon nap-type Si substrate. A high current density of 3.0 mAfcan
otips are produced by the anisotropaystallographic orien- an applied field as low as-1.0 V/um has been achieved.
tation independehdry etching of the crystalline silicon sub- The samples were transferred in air from the ECR processing
strate by the ECR plasma. The SiC clusters produced by théhamber to the field emission chamber without additional
gas phase reactions of SiHCH,, and H, in the plasma treatment. The field emission chamber is evacuated by a
could be uniformly and densely distributed on the substrateturbo molecular pump to 10 Torr for the measurement. In
These SiC clusters deposited on the silicon substrate then dtte measurement the emission current was limited under
as nanomasks, during the subsequent etching process, 3 mA/cnt as shown in the figure to avoid damaging the
form the nanotip array. The Ar ion from the plasma plays theemitter tips. The Fowler—NordheirfiF—N) plot depicted in
dominant role in the formation of nanotips by dry physicalthe inset of Fig. 3 deviates from linear relationship for an
etching through selective sputtering process while atomic-Hideal field emitter at high electric field. This phenomenon can
created in high density by the ECR condition, contributes tdoe attributed to the nonuniformity of the emitter length with
the dry chemical etching of the silicon surface. Two competfewer discrete long nanotips while the majority of them are
ing mechanisms, namely the formation of the SiC nanomaskhorter ones as shown in Fig. 1, The discrete long nanotips
on the surfacé and the preferential etching of the unmaskedare subjected to iess electrical screening effect than the ma-
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3.0 going emitter array fabrication technology can successfully
| j extend the limits with respect to emitter tip packing density,
251 — : sharpness of the nanotips and a low voltage operdtiban
> : ultralow electric field of~1.0 V/um).
20 = ¢ In conclusion, ultrasharp~1 nm diameter and high
2 : density (up to 13* cm™?) silicon nanotip arrays has been

fabricated using a one-step ECR-CVD technique at low
temperatures 200°C). Excellent field emission
10‘;0 S T B o oo (3.0 mA/cnt at ~1.0 V/um) from SiC-capped silicon nan-
. otip arrays has been demonstrated, which opens up potentials
1000/ V (V) ; ) o : .
for feasible field emission displays and vacuum electronic
devices.
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