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Increased field-emission site density from regrown carbon nanotube films
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Electron field-emission properties of as-grown, etched, and regrown carbon nanotube thin films
were investigated. The aligned carbon nanotube films were deposited by the microwave
plasma-assisted chemical vapor deposition technique. The surface of the as-grown film contained a
carbon nanotube mat of amorphous carbon and entangled nanotubes with some tubes protruding
from the surface. Hydrogen plasma etching resulted in the removal of the surface layer, and
regrowth on the etched surface displayed the formation of a new carbon nanotube mat. The emission
site density and the current—voltage dependence of the field emission from all of the samples were
analyzed. The results showed that the as-grown sample had a few strong emission spots and a
relatively high emission current density-20 uA/cm? at 1 V/um), while the regrown sample
exhibited a significantly increased emission site density2@®5 American Institute of Physics

[DOI: 10.1063/1.1897836

I. INTRODUCTION etching followed by a regrowth process, the electron emis-

sion site density from carbon nanotube films were signifi-
Carbon nanotubeCNTs) have attracted a great deal of ¢anqy affected. Our results indicate that the emitters that

attention both from the fundamental and technological standzontripyte to the emission current in relatively large area
points due to their unique structural, chemical, electronic

! Ao measurements represent only a small fraction of the CNTSs,
and mechanical propertieDifferent methods have been de-  hich may be described as special or long-protruded carbon
veloped and employed to synthesize carbon nanotlibe

: a : Shanotubes.
Chemical vapor depositiofCVD) is one of the most com-
monly used techniques because it enables carbon nanotubes
to grow directly on the substrates, which may facilitate thell- EXPERIMENTAL DETAILS
fabrication of carbon nanotube-based devices such as field- The carbon nanotube samples employed in the present
effect transistor$,sensors, and vacuum microelectroniés.  stydy are labeled as as-grown, etched, and regrown. All of
Electron field emission from carbon nanotub@®th  the samples were grown and processed in a microwave
multi- and single-wallefihas become an important area of pjasma-assisted CVD react¢MPCVD),*® which is also
research. This is because carbon nanotube emitters are ablgsed to grow poly- and nanocrystalline diamond fithghe
to deliver a relatively high emission current or current den-catalyst used was iron with a thickness of 80 nm deposited
sity, show an extremely low applied threshold field, and haveyy gc magnetron sputtering on commercial180) wafers.
demonstrated emission operation of more than 5008 In. The as-grown sample was deposited for 30 min using ammo-
addition, they also show excellent chemical stability. nia (NH,) and acetylen¢C,H,) in a 4:1 ratio. The substrate
For most field-emission devices, a low turn-on field temperature was maintained at 900 °C, and the chamber
(<1-5 V/um), a large current density50-100uA/cm?),  pressure and plasma power were kept constant at 20 Torr and
and a high stabilityor long lifetime are required.While for 5o w, respectively. The etched sample was first grown for
the field-emission array$-EAs), the uniformity of the emis- 30 min using the same conditions as for the as-grown
sion is also a crucial parameter. Several groups have reporte@mple. Then the £, and NH; were shutoff and hydrogen
an increase in the emission site densi§SD) of carbon  (H,) with a flow rate of 200 SCCMSCCM denotes cubic
nanotubes-based field emitters by optimizing their array dencentimeter per minute at STRvas immediately introduced
sities (reducing electrostatic screening effectdy focused  into the chamber. Plasma etching was performed for 10 min
ion and laser irradiatiofincreasing t_he defect densjt_ﬁp and gt a substrate temperature of 800 °C. The regrown sample
by exposure to hydrogen gaemoving catalyst particles on \yas deposited on the etched surface by employing the same
the surface™ Interestingly, the measurements reveal the acyrowth conditions for a period of 15 min. The process is
tual ESD of~10%/cn compared to the nanotube areal den-carried out by cutting off the hydrogen flow and admitting
sity which is >10°/cn?.*? It is still an open question as to the NH, and GH, gas feedstocks into the chamber. For the
why such a small proportion of nanotube emitters participattched and regrown samples, each stage of the processing
in the field-emission properties. We are also left to questionyas carried out immediately following the previous stage

whether these emitters are representative of the overall popyith no significant time delay. The growth parameters and
lation or whether they are special cases. In order to explorgyrface treatment steps are listed in Table I.

these issues, we elucidated that through hydrogen plasma A of the samples(2x 1 cn?) were characterized by

scanning electron microsco@¢EM, Model JEOL 6400F
¥Electronic mail: robert_nemanich@ncsu.edu The field-emission characterization system used here em-
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TABLE I. The growth parameters and surface treatment steps for the as- (@)
grown, etched, and regrown samples.

Process parameters Growth Etching Regrowth

Gas feedstocks NfHAC,H, H, NH3/CoH,

PressurdTorr) 20 20 20

Microwave power(W) 600 600 600 sor T
Flow rate(SCCM) 70/18 200 70/18
Substrate temperatuféC) 900 800 900

Time (min) 30 10 15

Surface treatment Growth Etching Regrowth

As-grown X

Etched X X

Regrown X X X

®X implies the treatment has taken place.

. FIG. 2. (Color onling Scanning electron micrograph of the surface of the
ploys parallel plate or diode geometfyathode—anodeand  etched sampléa), and the regrown sample 2300 (b), and 8500 ().
is equipped with a phosphor-coated indium tin ox{tlEO)

screen which acts as an anode and enables observation of

field-emission sites. The interelectrod¢he anode and 5-7 um. Some of the tubeéindicated by the arrowspro-

sample distance(d) was kept fixed at-0.8 mm d.urmg "f‘" trude out of the surface of the films. They have an average

measurements. A Keithley 237 source measuring un!t WaGiameter of~60 nm and are longer by approximately Lt

used to measure thie-V curves during €MISSION 1MaYING. 431 those at the surface. A magnified vigsee Fig. 1d)] of

The chamber pressure |n7th|s system during the EMISSIOfhe carbon nanotube mat seems to indicate that the nucle-

measurements was4 X 107 Torr. ation to grow carbon nanotubes evidently takes place at the
film surface as discussed in detail below.

tg\?rface is covered by a CNT mat with a thickness of

Ill. RESULTS

A. As-grown carbon nanotube film B. Etched and regrown carbon nanotube film

A cross-sectional SEM image of the as-grown CNT film  The hydrogen plasma cleaning was performed for 10
is shown in Fig. 1a). The film thickness is~50 um, which ~ min on the as-grown sample. Compared to the as-grown
was obtained in 30 min yielding an average growth rate osample surfacérig. 1(c)], the micrograph of the hydrogen
1.6 um/min. Figure 1b) is a magnified image of the part of plasma-etched sample surface shown in Fig) 2oes not
the film beneath the top surface exhibiting that multiwall display a CNT mat and the associated protruding tubes. The
carbon nanotube$MWNT) grow largely perpendicular to mechanism of the etching process typically involves both
the substrate, and tend to entwine together. Figcgdre-  physical ion bombardment and chemical reaction, where the
sents an image of the structures near the film surface. THatter involves a sequence of several hydrogenation steps:

(graphit¢ - C + H— (graphitg —C - H,

(graphite¢ — CH + H— (graphitg — CH,, ..., (1)

with volatile hydrocarbon species or radicals as the products
which are released at the relatively high process temperatures
employed in the deposition. Since CNTs are primasify-
bonded carborisp? C), the chemical reactivity in this pro-
cess is determined by the interaction s)¥ C and atomic
hydrogen. This process is also considered to be important in
the deposition of diamond filnTS. By adopting this ap-
proach, we attempted to obtain a clean, planarized surface of
aligned multiwall carbon nanotubes.

To study if there are any catalyst particles at the surface
which assist the growth of CNTs, x-ray photoelectron spec-
troscopy(XPS) was used for surface chemical analysis. Both

sLot]

e S g the as-grown and etched samples show a stropgo€ak at
284.5 eV, but no evidence of the Jsepeaks which appear
between 700 and 730 eV, indicating almost no Fe at the
600x, (b) just beneath the top surface at 2300(c) structures at the film ~ Surface of the CNT mat. In order to check if the carbon
surface at 2508, and(d) carbon nanotube mat at 7000 nanotubes regrow on the etched surface, we used the same

FIG. 1. (Color online Scanning electron micrographs of as-grown carbon
nanotube film at different magnifications revealing the morphol@yyat
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FIG. 3. Emission current vs voltage curves for the as-grown, etched, andjts Etched Etched
regrown samples.
800V
. . o . ' )
growth conditions employed previously. The surface of the T g i 2y
regrown sample is shown in the SEM imdgee Fig. )], ¢ > - -
which exhibits an~6-7-um-thick layer of CNT mat similar e Re-grown

to the as-grown sample but without the protruding tubes.

Evidence for the “regrown” carbon structures to be nano-FIG. 4. (Color onling Field-emission images frorte)—(b) the as-grown,

tubes is clearly displayed in Fig.(&@, which is a high- (c)—(e) etched, andf)_—(h) regrown samples at applied voltages of 700, 800,

resolution scanning electron micrograph of the regrown sur2"d 1000 V: respectively.

face, where the nanotubes appear randomly aligned and

show a similar height without long protruding CNT. 4(f)-4(h)]. As the applied voltage increases, new emission
sites appeared each with approximately similar intensity.

Compared to the as-grown sample, the emission current from
C. Field-emission measurements the regrown sample is still lower, but it has many more emis-

Electron field-emission measurements were performed©n Sites with similar emission from each site.
on each of the samples. For the/ (emission current versus Figure 5 presents a Fowler—NordheiffN) plot of

> I
applied voltaggcurves, a voltage sweep from 0 to —1100 v IN(1/V?) vs 1V for thel-V curves shown in Fig. 3. We note
with an increment of =50 V was applied to the sample. Irn_that since the field-emission test system does not allow an
ages of the spatial distribution of emission sites were re@ccurate measurement of the cathode-anode distelhoge

corded by a digital camera. Figure 3 shows representativgannot estimate the exact values/bfthe geometrical fi_eld
I-V characteristics for all of the samples studied. For arfnhancement factprrather another parameter(=4/d) is

emission current of LA, the applied voltage is approxi- ntreduced. Assuming a work functid) Of;?SeV' they
mately 450 V for the as-grown sample and 700 V for theC@n be derived from the slopés—6.83x10°¢™y) of the
regrown sample. The emission current of the etched sampfelN Plots. They values obtained for the as-grown and re-
is <1 uA at an applied voltage of 1100 V. At any applied 9OWn samples were 2'3610?/0”‘ and 1.0& 1'05/c.m, re-
voltage, the as-grown sample shows the highest emissioPPectively. The corresponding local electric  field o
current, while the etched sample has the lowest. For exz ¥ V) values deduced for the emission current giA from
ample, at a voltage of 800 V, the emission currertemis- 1€ as-grown and the regrown samples are %.06° and
sion current densityfor the as-grown, etched, and regrown 7.56x 107 V/em.
samples is 40, 0.09, and 6uA (or 20, 0.045, and
3.2 uAlcm?), respectively. IV. DISCUSSION

Figures 4a)-4(h) display the images of the phosphor _ )
screen which indicates the emission sites from the samples Our results established that the relatively complex sur-
(as-grown, etched and regrowat applied voltages of 700, face structures shown for the as-grown sample are influenced
800, and 1000 V. We observe that the field emission from the

as-grown sampléFigs. 4a) and 4b)] is relatively nonuni- -20
form, and there are several quite strong emission spots. At ,, * As-grown g;opej-%zgi (QS-grown)
the applied voltage increases from 700 to 800 V, the emissior " Re-grown  Slope=-7068.4 (Re-grown)

current from these spots increases while only a few new -4
emission sites are observed. To protect the phosphor scre€ ~ g
from being damaged or excessively sputtered, the voItageE

was limited to this value. The field-emission sites from the = -28
etched samplésee Figs. &)—4(e) display a single isolated 30
spot, which appears when the voltage is increased to 800 V
A few emission sites are detected when the voltage is in-
creased further to 1000 V, but the emission current is still .34
below 1uA. In contrast, field emission from the regrown 0 0.0005 0001 00015 0002 0.0025  0.003

sample exhibits a relatively higher density of emission sitegg_ 5. shown is FN plofin(i/v?) vs 1/V] for the as-grown and regrown
with more uniform emission characteristidqsee Figs. samples.

-32
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which may block the carbon supply to the catalyst at the
substrate and therefore, slow the growth of the nanotubes in
the adjacent region. However, this effect is not expected to
be uniform, and some nanotubes may grow relatively faster
and tend to protrude out of the surface.

As shown in Fig. 2c), it is apparent that the structure at
the regrown film is primarily carbon nanotubes with little
a-C. Possible reasons for the reducadC at the regrown
sample surface includé) hydrogen plasma etches the as-
depositech-C at the surface, which reduces the possibility of
further a-C accumulation,(ii) during regrowth,a-C may
form but the relatively shorter growth time may result in
reduceda-C deposits compared to the longer growth time of
the initial film growth.

The field-emission images show that the emission be-
havior is strongly influenced by different surface morphol-
ogy. Comparing the surface morphology of the as-grown and

FIG. 6. (Color onling Scanning electron micrographs of the regrown nano- regrown samples, the carbon nanotube mat has a similar ar-
tube mat tracing a few tubes, exhibiting that they originate from the bottom . . £
of the film: (a) top at 14 00 (b) bottom at 800&. The dotted blocks show eal denS|ty[see Flgs. (]C) and Zb)]' The most notable dif

where the trace starts. ference is the protrusion of individual tubes at the as-grown

film surface. Cumingst al. observed by electron holography

that the electric field is concentrated precisely at the tips of
by the growth time. The experiments show that growth forthe nanotube¥’ Zheng et al. used quantum-mechanical
shorter timeg~15 min) has less surface structure comparedsjmulations to show a result consistent with the experiment
to the longer time¢~30 min) shown in Fig. 1c), where a  carried out by Cuming® Therefore, for the as-grown
layer of CNT mat is formed at the surface. In our comparasample a few intensive emission spots may correlate to those
tive study, surface treatments of hydrogen plasma etchingrotruding tubes with the electric field localized at the tips.
and regrowth were performed in order to planarize thenilssonet al. proposed that theg distribution has an expo-
sample surface and to determine if the regrowth surface hasential dependence for their carbon-based thin filtns.
improved characteristics in terms of uniformity and a reduc-within this model, the electron emission is dominated by
tion of undesired amorphous carbda-C). After the re-  those emitters with highBs. A few strong emission spots
growth, a layer of CNT mat appeared on the etched surfacgom the as-grown sample indicate that the surface morphol-
but with improved uniformitysee Fig. 20)]. ogy of the as-grown sample induces a nonunifggrdistri-

The new layer of carbon nanotube mat from the regrowmution, where sites with largeg8 dominate and loweg sites
sample is interesting as to where the CNT nucleate or origionly deliver small amounts of current. Moreover, a high den-
nate. The CNTs of the mat appear to be confined at the filngjty of similar height nanotubes will lead to field screening.
surface suggesting that they grow from the surface of therhe adjacent CNTs will limit the field enhancement below

etched CNT films. But our XPS spectrum showed no cleathat expected for a single nanotube, and the high-density
evidence of iron catalyst at the surface of either the as-growfegions will display a lower-field enhancemént.

or etched samples. Alternatively, we consider whether this  For our regrown sample a higher density of emission
new layer might either represent continuous growth of thesjtes with similar emission intensities was obtained. This ob-
existing CNTs from the substrate or that growth is promotedservation suggests that the regrown nanotubes of similar pro-
from the surface of the CNT tips and/or surfe€ aggre-  truding heights may induce a more uniform distributiongof
gation without transition-metal particle assistance to catalyzgiowever, thes of the emitting sites may be relatively lower
the growth of the nanotubes. In fact, Obrazteh\al'® sug-  compared to the as-grown film where those individual pro-
gested that multiwalled nanotubes can be grown on nanaruding nanotubes may exhibit substantially increaggd
structured graphite by either dc or thermal CVD plasmaTherefore, the regrown films show a relatively lower current
without the assistance of a metal catalyst. To address thgensity even though they have more emission sites.
origin of CNTs appearing at the regrown sample surface, we  Since electron field emission is also a surface sensitive
carried out more detailed SEM measurements and a reprghenomenof’ considering the working pressure of4E
sentative example is shown in Fig. 6. In this sequence of 107" Torr in our study, the role of adsorbates and other
imaged from Figs. Ga) and Gb)] we traced a few tubes from surface interactions is certainly not ruled out in affecting the
the nanotube mat. The SEM images apparently show thdield-emission properties. The reason that more new emission
these tubegsee arrowsoriginate from the catalyst layer at sites with similar emission from each site shown in Figs.
the bottom of the films. 4(f)—4(h), which were otherwise dormant at lower voltages,
We suggest that amorphous carb@C) can signifi-  tend to become activated at relatively higher applied voltages
cantly affect the film growth and result in different film- may likely be attributed to the adsorption-desorption process.
surface morphology. Tha-C may form at the surface and/or In addition, Collazoet al* reported an increased emission
at the space in between the nanotubes during the growtlcurrent which has been attributed to the presence of adsor-
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