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We report on the preparation and field emission properties of quasi-aligned silicon carbon nitride
(SICN) nanorods. The SiCN nanorods are formed by using a two-stage growth method wherein the
first stage involves formation of a buffer layer containing high density of nanocrystals by electron
cyclotron resonance plasma enhanced chemical vapor deposition and the second stage involves
using microwave plasma enhanced chemical vapor deposition for high growth rate along a preferred
orientation. It should be noted that growth of the SICN nanorods is self-mediated without the
addition of any metal catalyst. Scanning electron microscopy shows that the SICN nanorods are
six-side-rod-shaped single crystals of about 1—4n%in length and about 20—50 nm in diameter.
Energy dispersive x-ray spectrometry shows that the nanorod contains about 26 at. % of Si, 50 at. %
of C, and 24 at. % of N. Characteristic current—voltage measurements indicate a low turn-on field
of 10 V/um. Field emission current density in excess of 4.5 mA/dras been observed at 36.7
V/um. Moreover, SICN nanorods exhibited rather stable emission current under constant applied
voltage. © 2000 American Institute of PhysidsS0003-695(00)01117-7

The recently discovered carbon nanotuld€dT) have The SIiCN nanorods were synthesized using a two-stage
shown promising performance as electron field emitters sincprocess. First, a SICN buffer layer was deposited o180
they exhibited high emission currents and very low turn-onor (111) substrates using electron cyclotron resonance
voltages® The extremely large field enhancement factor re-plasma enhanced CVIEECR—CVD of which the setup de-
sults from the sharp curvature of CNT is one of the keytail has been described previoudl§hen, the substrates were
factors for the low threshold fields. However, poor emissiontransferred to microwave plasma CMMW-CVD) reactor
stability of CNT has undermined their application in vacuumfor the growth of nanorods. Detail process conditions are
microelectronicé. A very sharp decaya factors>10) of the  listed in Table I. Prior to MW—CVD process, a 10 min
emission current for single-wall nanotubes has beertleaning/etching of the substrate was performed using H
reported® This degradation can be largely accounted for byplasma. Scanning electron microscd®EM) and x-ray pho-
progressive destruction of CNT during emission process. toelectron spectroscopgXPS) were used to characterize the

In view of this, nanorods have the potential as field emit-resultant morphology, composition, and bonding state.
ters due to the similarity in their geometric features with  Typical cross-section-view SEM image of SiCN nano-
those of CNT but more stable structural properties. We refods is shown in Fig. 1. This micrograph reveals a high den-
port here a process on the preparation and field emissiosity of quasi-aligned nanorods uniformly distributed over the
properties of SICN nanorods. This class of material has twentire substrate. The number density of the nanorods is
notable advantages. First, they can be deposited directly onsround 16°cm™2. The nanorods exhibited a diameter in the
a substrate by using chemical vaper depositioVD) and  range of 20-50 nm with typical length of 1-1:6n after
second, their structures are naturally sharp and of nanosize,
therefore, compllcated_ treatments to Sharpe” geometric 1Ee<:'?"ABLE I. Typical process conditions for the growth of SICN nanorods.
tures commonly practiced on metal or Si surfaces can be

avoided. The SiCN nanorods have a crystalline thin film 1st stage 2nd stage
counterpart, which has been reported recently as a superhar@eposition method ECR—CVD MW—CVD
and wide band gap semiconductof therefore, a great po- (No):(H,):(CH,):(SiH,) (sccm) 2.5:2.5:1.0:0.2 80:80:20:4
tential for blue and ultraviolet photoelectronic devices. Microwave power(W) 1250 2000
Total pressuréPa 0.4 6250
Substrate temperature (°C) 650 1100
dAuthor to whom correspondence should be addressed; electronic mail: Reaction time(h) 6 3
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. ) . . . FIG. 2. High-resolution C(§), N(1s), and Si(2) XPS spectra of the
FIG. 1. Typical cross-section-view SEM image of the SiCN nanorods. TheSiCN nanorods.

inset is a high-resolution SEM image that shows well faceted surfaces of

each individual nanorod. The nanorod appears straight and has a six-sided

cross section. high nucleation density. However, further study of the
growth mechanism of the SICN nanorods is needed.

3 h deposition. It was found that while the length of the  Figure 2 depicts the high-resolution XPS scan of the
nanorod increased with growth time the diameter of the naC(1S), N(1s), and Si(2) peaks. For calibration, Au(4)
norod remained quite constant during the growth process. AB&aks at 84 and 87.67 eV were usédentative assignment
can be seen from Fig.(1), there is a tendency for the long ©f the carbon binding energi€srevealed predominantly
axis of the nanorods to grow in perpendicular to Si substrate SP°C—N" like bonding structure at 285.8 eV. A minor
although the angular distribution for the tilting of the rod Peak at 289.6 eV, attributable to CGf}i-O bonding struc-
axis away from the substrate normal is still quite large e, was also observed. For Nylpeak, the 398.5 and
(~15°). High-resolution SEM image reveals well faceted399-8 eV binding energies are related to the §){Si and
surfaces of each individual nanorod. The nanorods appedf€ N(1s)—sp’C, respectively. The peak centered at 102.9
straight and have a six-sided cross section. There is no vi€V Was assigned to Si9—-N bonding. Since the nanorods
ible reduction in cross section of SICN nanorods, unlike thed0 not cover the surface completely, we cannot exclude the
case for InAs and GaAs nanowird2. contribution from the buffer layer. However, it should be
The energy dispersive spectrometry taken from the naPointed out that there is no detectable €Y Si signal at
norod shows predominantly silicon, carbon, and nitrogen282.8 €V, which is also confirmed by the absence of
Trace amount of oxygen was also observed, presumably dug/(2P)—C signal around 100.3 eV, indicating negligible
to surface contamination. It is also noted that the buffer layePi—C bonds in the nanorods. This observation is consistent
contains the same chemical elements as the nanorod. Thuiith our earlier report of the polycrystalline SiCH.
the growth of SiCN nanorod is “self-mediated.” Unlike the ~ Field emissions are characterized using parallel-plate
case for the ordinary vapor-liquid-soliVLS) process or configuration(with ftsspacmg at about 30m) under a base
catalyst-mediated growth, there is no evidence of metal inPressure of 8.810 *Torr and over a voltage sweep from 0
side or at the tip of the rod. The SIiCN buffer layer deposited©® 1100 V. Typical emission characteristics of a SIiCN-
by ECR—CVD plays a key role on the growth of nanorod.nanorod sample is depicted in Fig. 3. An emission current of
An optimized buffer layer is a bilayer film wherein a nano- 4-5 MA/cnf at the maximum accessible voltage., applied
crystalline SiCN layer with a grain size around 20 nm isfield of 36.7 Vjum) is observed. Furthermore, this material

formed on top of the amorphous layer. A possible mecha-

nism of this bilayer structure is that the nanocrystals are « [romorrme

formed by the strain induced after a certain critical thickness S, \ _ e ...A/{na

of the amorphous film? The nanocrystals formed ontop of [ .| %, e, )2
the amorphous layer serve as the “seed” for the ensuin¢ g o P g / )
growth of nanorods. The process conditions in the secon E al g, Y ,,,M#' !
stage appear to favor growth along a preferred orientatior 3 [ ., \ T e T o f
leading to very high aspect ratio of the rods. It should be ‘a oL = > 7
emphasized that the two-stage process is essential for tt & | e R J

growth of nanorod. The major difference between these twi g 1k _/

stages is that ECR—CVD may provide more abundant nucle 5 ‘_..-’

ation species due to its higher ionization fraction than © ol e

MW-CVD.! Deposition of SICN by MW—CVD without us- - - s L e
ing ECR—CVD grown buffer layers led to polycrystalline o 5§ 0 15 20 25 30 35 40
film with low nucleation density and typical grain size of Applied Field (V/um)

microns. On the other hand, deposition of SICN by ECR— i 3 Field emission~F curve and the corresponding F~N plot of the
CVD aione led to continuous nanocrystailine film due to itSSiCN nanorods.
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term stability of the emission is also essential. As shown in

210 #ﬁ“f’; Fig. 4, at an applied voltage of 800 \~(26.7 Vium), the

f_g’ ‘?:. ;; D 3 I/15 values can be maintained at 65% after 3600 s of opera-
s o8 ‘s‘f,‘i A . V [stress)=800 V tion. Increasing the applied voltage to 1100 V accelerated the
T el :‘4 'ﬁvﬁg‘m decay of the emission. Nevertheless, 40% of the initial cur-
= ; rent can still be maintained for SICN nanorods after 3600 s
(8]

o4l 3 Mu&“,‘#—‘.f{‘-p‘—"’m?\# _of opergtion under su.ch a high volta.ge. The emission stabil-
: . ity of SICN nanorods is much better in comparison to that of
carbon-coated-Si microtips or CN'T'X8 For the latter two
cases, the results of corresponding emission stability tests
show a sharp decay to 25% and 15%, respectively, during
FIG. 4. Field emission stabilityl(l, vs time of a SiCN-nanorod sample the initial hundreds of seconds of operation. Furthermore, no
tested with stress voltages at 800 and 1100 V. structure damage of SICN nanorods is observed from SEM
investigation even after high voltage stress. Therefore, we
also shows a low turn-on field at 10 Mh, which is defined suggest that the structure stability of SICN nanorod is the
as the point where the current—voltage curve shows a shakgy factor for good emission stability.
increase in the current density, or at 0.01 mAJdor conve- In conclusion, SiICN nanorods have been grown by a
nience. The Fowler—NordheitF—N) description of the field ~self-mediated two-stage growth technique, which is different

emission originally established for metals is expressédl as from ordinary VLS method or catalyst-mediated growth of
nanotubes/nanowires. Typical SICN nanorods are ofutr2
F2 _ B¢3/2
2

J= A ex in length and about 40 nm in diameter. The composition ratio
1) of Si:C:N is about 1:2:1. Field emission characteristic of

~ SICN nanorods shows a low turn-on field with relatively
whereA=0.014 andB=6.8x 10” are constants. The rest in high current density. The stability of field emission from

the F-N equation arel the current density the effective  gych nanorods, in particular, is superior to that of other emit-
barrier heightF = gV/d with V the voltaged the cathode- er5 such as CNT or carbon-coated-Si microtips. Due to the
to-anode spacing, ang the field enhancement factor that n,nosize structure and robust nature, the SICN nanorods

depends on the emitter geometry. For materials with fieldpoy great potential for field emission device application.
emission property that follows F—N theory, a plot of

log(J/V?) versus 1V gives a straight line. The F—N plot is
shown in the inset of Fig. 3.
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