
Carbon nanotubes

DOI: 10.1002/smll.200600595

Nonaligned Carbon Nanotubes Anchored on Porous
Alumina: Formation, Process Modeling, Gas-Phase
Analysis, and Field-Emission Properties
Dmitry Lysenkov, Jçrg Engstler, Arti Dangwal, Alexander Popp,
G�nter M�ller,* Jçrg J. Schneider,* Vinod M. Janardhanan, Olaf Deutschmann,*
Peter Strauch, Volker Ebert,* and J�rgen Wolfrum

We have developed a chemical vapor deposition (CVD) process for the
catalytic growth of carbon nanotubes (CNTs), anchored in a comose-type
structure on top of porous alumina substrates. The mass-flow conditions
of precursor and carrier gases and temperature distributions in the CVD
reactor were studied by transient computational fluid dynamic simulation.
Molecular-beam quadrupole mass spectroscopy (MB-QMS) has been
used to analyze the gas phase during ferrocene CVD under reaction con-
ditions (1073 K) in the boundary layer near the substrate. Field-emission
(FE) properties of the nonaligned CNTs were measured for various
coverages and pore diameters of the alumina. Samples with more dense
CNT populations provided emitter-number densities up to 48000 cm�2 at
an electric field of 6 Vmm�1. Samples with fewer but well-anchored CNTs
in 22-nm pores yielded the highest current densities. Up to 83 mAcm�2 at
7 Vmm�1 in dc mode and more than 200 mAcm�2 at 11 Vmm�1 in pulsed
diode operation have been achieved from a cathode size of 24 mm2.
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1. Introduction

Cold field-emission (FE) cathodes are considered as one
of the most promising applications of CNTs because of their
quasi-one-dimensional structure with naturally high aspect
ratios. They can provide field-enhancement factors above
1000 and thus threshold fields in the Vmm�1 range.[1–4] Cur-
rent limits up to 2 mA for single-wall[5] and 20 mA for multi-
walled CNTs[6] have been obtained even at moderately high
vacuum conditions under which usual FE metal tips begin
to deteriorate. Applications such as flat-panel displays[7] or
X-ray tubes[8] and microwave amplifiers[9] require large
emitter numbers with uniform and stable FE properties.[3]

Since densely grown CNTs show mutual shielding effects,[10]

a selective growth of CNTs is most desirable for controlla-
ble FE devices.[11] As an alternative approach, CNT bundles
with a low degree of individual CNT ordering have been
pursued and are promising with respect to the achieved
emitter numbers[12] and current densities.[13]
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The chemical vapor deposition (CVD) approach to the
synthesis of CNTs allows the use of a wide range of precur-
sor molecules to form different CNT morphologies.[14–20]

Metal-catalyzed CNT formation proceeds either via the
vapor–liquid–solid (VLS) mechanism[21] or by cap growth on
top of the catalyst metal particles (Yarmulke mechanism).[22]

In the latter case the catalyst particles can be found at the
tube bottom, in the former case at the tube end. Catalyst
particles can be introduced either 1) onto the substrate by a
preimpregnation step prior to CNT formation, 2 parallel
with the precursor gas but generated from a different pre-
cursor, or 3) chemically bound to the carbon source from
which the CNTs are formed. The latter technique uses the
single-source-precursor concept for CNT formation.
[Fe(CO)5],

[23] Fe(phtalocyanine),[24,25] ferritin,[26] or metallo-
cenes such as ferrocene[2,16] are prominent examples of pre-
cursors used for this technique.

We report here on an integrated approach to study the
formation, CVD process modeling, gas-phase species analy-
sis, and FE properties of CNTs anchored on porous alumina
substrates. Our earlier synthetic studies with regular CNT
filling of all pores of alumina templates showed only weak
FE at the edges due to strong mutual shielding of the emit-
ters.[27,28] Therefore we developed a new approach to isolate
emitters on a statistical basis on alumina substrates with
varying pore diameters.[29] Important parameters in the gas-
phase reactivity of ferrocene and reactive species formed
under reaction conditions leading to CNT growth were
identified. We will also show that nonaligned, but well-an-
ACHTUNGTRENNUNGchored CNTs yield favorable FE properties for high-current
applications when attached to porous alumina.

2. Results and Discussion

2.1. CNT Synthesis

We used ferrocene, [(C5H5)2Fe], as a single-source pre-
cursor for CNT formation. No other process gas was added.
The carbon source and catalyst was always supplied under
constant ratio. Our earlier CVD experiments with ferrocene
as a precursor using bare porous alumina membranes with a
complete open-pore structure had already yielded promising
FE characteristics. These studies showed that CNTs deposit-
ed on porous alumina have definite advantages in the result-
ing FE performance over other substrate systems. We attrib-
ute this to the formation of isolated, scattered CNTs on the
surface of the porous membranes.[27, 28] Due to the promising
FE characteristics of this material, it would be desirable to
enhance CNT growth on the substrate to further increase
the individual emitter density. We therefore decorated the
surface of porous alumina membranes with isolated, ran-
domly distributed alumina islands. These isolated alumina
islands on the surface of the porous alumina substrate mem-
brane were deposited by CVD using volatile aluminum
tris(sec-butoxide) 1 as the precursor for alumina particle
deposition.[18] Deposition of 1 onto the surface of the porous
alumina substrates (various different pore diameters) results

in the formation of islands of irregularly arranged alumina
dots on the porous alumina substrate surface (Figure 1).

Our homemade porous alumina templates provide
smaller pore diameters compared to the commercial ones

(variable between 20–70 nm compared to 200 nm).[30] The
density of the alumina islands on the various porous sub-
strates could be steered by the amount of precursor used.
Their size and irregular shape varied in the range of sever-
al-hundred nanometers up to a few micrometers. The islands
overgrow and cover parts of the porous alumina template
structure. These isolated alumina islands serve as growth
sites for the CNT growth process using ferrocene. CVD
growth of CNTs on such substrates (Ar carrier gas; Tdepos=

1123 K) did indeed yield CNTs that were randomly, but ho-
mogenously distributed across the substrate surface. The
CNTs are anACHTUNGTRENNUNGchored on the deposited alumina islands result-
ing in a comose-like (tufted) structure as revealed by scan-
ning electron microscopy (SEM, Figure 2). In addition to
this finding, individual CNT structures were also deposited
directly on top of the porous alumina substrate. These are
either directly anchored onto the alumina surface or even
fixed in the pores of the substrate (Figure 2, bottom). We
speculate that this special type of CNT/substrate morpholo-
gy results in a stabilizing effect towards the individual FE

Figure 1. Top: Native porous alumina substrate with 60-nm pore-
diameter. Bottom: Alumina islands formed via CVD using Al(sec-but-
oxide)3 on the surface of a porous Anodisc template (pore diameter
200 nm).
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properties of the alumina/CNT composite material (see
Chapter 2.4).

High-resolution transmission electron microscopy
(HRTEM) identifies the tube morphology on top of the alu-
mina surface as multi-walled (MW) CNTs with a bamboo-
type structure (Figure 3, upper to lower right). Samples of
isolated CNTs for TEM were obtained by detaching the
CNT loaded alumina islands from the substrate surface me-
chanically. Still some CNTs stay securely anchored to the
alumina particle surface, manifesting the robustness of the
alumina particle/CNT composite structure (Figure 3 upper
left). These CNTs show an irregular shape with a diameter
between 10 and 20 nm. Their inner hollow is irregularly
filled with iron rods of up to 100 nm in length. Iron-filled
CNTs were found by us and others when using ferrocene as
a precursor.[15–17]

An important question for the performance in FE ex-
periments is how good electrical conductivity throughout
the dielectric alumina template material can be realized
with this arrangement? The first step in our synthesis pro-
cess is the deposition of isolated alumina islands on top of

the porous template by a CVD process using a volatile
organoACHTUNGTRENNUNGaluminum compound. After this, the CNT structures
are formed and anchored to these islands via CVD using
ferrocene. When this formation process occurs, the forma-
tion of an additional carbon tube structure inside the porous
alumina substrate takes place simultaneously.[17,30] The diam-
eter of these inner CNTs corresponds exactly to the pore di-
ameter of the alumina template. The deposition of this
inner carbon-tube structure ensures that the whole compo-
site structure, composed of alumina and embedded CNTs, is
electrically conducting throughout the whole sample, from
its bottom side up to the tips of the MWCNTs, which grew
on the alumina islands. The alumina/CNT structure
(Figure 4) used in the FE studies (Chapter 2.4) has a nomi-
nal thickness of up to 60 mm.

2.2. Theoretical CVD Process Simulation Studies

2.2.1. CFD Study

The mass-flow conditions of precursors, carrier gases,
and temperature distributions in the CVD reactor were sys-
tematically studied by transient computational fluid dynam-
ics (CFD) simulations. The simulations are carried out using
the commercial CFD code FLUENT,[31] which solves the
transient Navier–Stokes equations coupled with transport
equations for temperature and each chemical species. The
simulations assume that all of the ferrocene evaporates in
2 min; ferrocene enters the reactor through the second inlet
(see Experimenal Section for more information on the
setup). The properties of the mixed species are evaluated
using mixing law. The mass flow of ferrocene and the transi-
ent time steps are adjusted using user-defined functions
(UDFs).[31] The evolution of the temperature distribution is
shown in Figure 5.

It is quite evident from the plot that the temperature
over the substrate reaches a steady state at �90 s. The reac-
tor is divided into three zones with zone 1 maintained at
623 K and zones 2 and 3 at 1123 K. Figure 6 shows the evo-
lution of precursor concentration and temperature over the
substrate. During the initial stages the temperature and pre-
cursor concentrations are not uniform over the substrate.
However at nearly 100 s, both temperature and precursor
composition achieve uniform values over the substrate. It
should be noted that for the CFD simulations, precursor de-
composition is not considered. Such calculations using one-
dimensional plug-flow simulations are explained in the fol-
lowing section.

2.2.2. Kinetic Study

Plug-flow reactor models are well suited for small-diam-
eter reactors for which the axial diffusion can safely be ne-
glected and infinite mixing in the radial direction can be as-
sumed. Under these conditions, plug-flow reactor equations
can be solved using the software DETCHEMPLUG[32] to
derive the species profiles during the gas-phase decomposi-
tion of ferrocene. The governing equations for the plug-flow

Figure 2. SEM of the alumina/CNT comose structure. Top: Isolated
CNTs growing on top of the alumina islands, which were predeposit-
ed by CVD onto a porous alumina surface (template pore diameter
40 nm). Bottom: Magnified view of CNTs anchored on top or inside
the pores of the porous alumina substrate.
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reactor are one-dimensional in nature with axial position as
the independent variable. The chemistry model is imple-
mented using an elementary-step gas-phase kinetics consist-
ing of 2653 reactions among 299 species. The mechanism is
basically derived from different sources: Ferrocene decom-
position reaction steps are taken from Hirasawa et al.[33] In
this mechanism, ferrocene decomposition is described by a
five-step reaction mechanism and the formation of aromat-
ics is described by irreversible kinetics. However, the mech-
anism does not account for any agglomeration of Fe. Re-

maining steps in the mecha-
nism are taken from Sheng
and Dean.[34] This mechanism
includes kinetics for higher-
molecular-weight growth es-
pecially involving propargyl
radical pathways, and explicit
inclusion of certain C6 hydro-
carbon species, including
n-hexane, cyclohexane, and
2,3-dimethylbutane.

For the simulations, 5%
ferrocene diluted in Ar is as-
sumed to enter the reactor at
0.3 ms�1, and the calculations
are carried out under steady-
state and isothermal condi-
tions. The simulation results
for the major species formed
during gas-phase decomposi-
tion are shown in Figure 7.
Other than the formation of
Fe during the decomposition
of ferrocene, H2, C10H8,
C12H8, C6H6, CH4, and C2H4

were found to be the major
species. Other than these,
traces of other hydrocarbons

are also formed during the decomposition process. Howev-
er, due to their minute presence they are not shown in
Figure 7.

Simulations were further carried out for varying reactor
temperatures to elucidate the dependence of reaction prod-
ucts on temperature. As evident from Figure 8, ferrocene
starts to decompose at �975 K. The concentration of all of
the products increases with increasing temperature. Howev-
er, naphthalene (C10H8) starts to further decompose at
1073 K.

Figure 3. Upper left: HRTEM image of an isolated alumina particle with anchored CNTs on its surface
obtained after detachment of the alumina particles from the porous alumina substrate surface. Others:
HRTEM images of multi-walled CNTs harvested from the alumina particle surface.

Figure 4. Structure model showing the CNT comose arrangement on
top of the alumina template. The inset shows the disordered, alumi-
na-embedded growth of SWCNTs on top of an alumina island. Within
the porous alumina substrate carbon filaments are formed due to
the straight pore channels of the template.

Figure 5. Contour plots of temperature for the transient reactor simu-
lation
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2.3. Experimental Gas-Phase Studies

One intention of the gas-phase study was to identify key
reactive and stable species during CNT formation, first, for
process-control purposes in the CNT formation process
using, for example, optical analytical techniques, and
second, to provide feedback to the modelling studies of the
gas phase chemistry. Thus we acquired temperature-re-
solved mass spectra between 1 and 300 amu during the fer-
rocene-based CVD process on crystalline sapphire and com-
mercial Anodisc substrates.

Using low-pressure CVD, dense deposits of CNTs
(Figure 9) could be successfully grown from the ferrocene
precursor on the sapphire substrate in the titanium reactor
setup described in the Experimental Section. The boundary
layer above the substrate where the CNTs were formed was
analyzed by MB-QMS. This allows an in situ characteriza-
tion of gas-phase species formed from the precursor mole-
cule under the real reaction conditions that lead to CNT
growth on the substrate. Despite using a concentric flow
configuration, which was expected to lead to stagnation
flow, we found an asymmetric carbon distribution on the
substrate at low-temperature conditions. This is attributed
to the off-axial removal of the reactor gases in our specific
reactor configuration.

In order to separate the reaction products of the ferro-
cene decomposition/CNT formation from fragmentation
products by the electron-beam ionization, we recorded tem-
perature-dependent mass spectra at 373, 773, 873, and 973 K
and compared the evolution of the spectra with regard to
the ferrocene stability limit near 823 K. Initially higher tem-
peratures (on the order of 1173 K) were used, but the rapid
deposition of conducting carbon deposits onto the boron ni-
tride heaters changed the resistance of the heater thus limit-
ing the maximum temperature to 1043 K. Even though most
of the ferrocene is not decomposed at these rather low tem-
peratures, it was possible (owing to the sensitivity of the
MB-QMS technique) to detect numerous ferrocene and hy-
drocarbon fragments and to monitor the onset of ferrocene
decomposition and CNT formation by the strong rise in

Figure 6. Evolution of a) temperature and b) concentration over the
substrate.

Figure 7. Species profiles as a function of reactor length during the
gas-phase decomposition of ferrocene at 1123 K.

Figure 8. Temperature-dependent species profiles measured in the
substrate boundary layer during the gas-phase decomposition of fer-
rocene using MB-QMS.
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some reactive intermediate species. Comparing the mass
spectra from ferrocene CVD with published fragmentation
spectra[35] we isolated species that were either not expected
in the ferrocene fragmentation spectrum, or that showed a
pronounced signal increase above the ferrocene dissociation
temperature range around 823 K. Fluctuations in the ferro-
cene concentration were suppressed by normalizing all
peaks to m/z=186. Table 1 lists the selected fragments that
fulfill these conditions.

Detected species that were not expected from the ferro-
cene fragmentation spectrum were H2, C3Hx (m/z=41, 43;
x=5, 7), FeH (m/z=57) and FeCHx (m/z=69, 70, 71; x=1,
2, 3). Out of these the strongest signal with the strongest
temperature dependence is found to be H2, which was com-
pletely absent below 873 K. Additionally, decomposition/
CNT formation product candidates that are fragmentation
products, but which show a pronounced signal variation
above the ferrocene stability limit were: C3H3 (m/z=39), Fe
(56), FeCp (121), and C10H8 (128). Only small changes
where found on the fragmentation peaks of FeC2Hx and
FeC3Hx. FeC4Hx, as well as FeCyHx with y�6 were below
the detection limit. Comparing the qualitative behavior of
our temperature dependence (Figure 10) with the model
prediction (Figure 8), we could verify the same strong tem-
perature dependence for all molecules, which is expected to
rise at rather low temperatures as there are such products
as H2, Fe, and C10H8. Other predicted products such as CH4,
C2H4, benzene, and C12H8 could not be detected as all of

these species appear relative-
ly late at rather high temper-
atures, which were not used
in our experiment. In addi-
tion, CH4 and C2H4 QMS-
signals suffered from H2O
and N2 interference. Future
work will therefore focus on
the detection of CH4 and
C2H4 by in situ laser absorp-
tion spectroscopy, which we
previously reported with up
to sub-ppm detection for
CH4,

[36,37] while a C2H4 laser
sensor was demonstrated by Hanson et al.[38] Furthermore
the substrate heater is currently being modified to enable
higher temperatures up to 1223 K and to incorporate the ab-
solute quantification of the QMS signals using literature
data of ionization probabilities according the procedure of
Biordi.[39]

2.4. Field-Emission Studies

It is well known that CNT cathodes on porous alumina
substrates have a limited size, irregular shape, and finite cur-
vature due to the brittleness and unavoidable shrinkage of
the hydrophilic alumina during CVD processes with thermal
cycling up to 800 8C. Therefore, we have controlled the re-
sulting shape and flatness of the CNT cathodes by means of
an optical profilometer (FRT MicroProf), which provides
nondestructive measurements with micrometer resolution.
Measured profiles of typical samples of about 20 mm2 size
with concave or convex curvature are given in Figure 11.
The concave sample shows a nearly rhombohedral shape
with sharp edges exposed up to 120 mm above the center
region, which reveals the substrate thickness to be about
100 mm. In contrast, the more rectangular convex sample
shows a height difference up to 100 mm with maxima at the
left edge and central ridge structure.

Figure 9. Carbon nanotubes deposited onto crystalline sapphire substrates in the molecular beam reac-
tor.

Table 1. Selected reactive species detected in ferrocene CVD using
MB-QMS.

Species m/z FeCp2 fragmentation
product

Model
species

H2 2 – yes
C3H5, C3H7 41, 43 – –
FeH 57 – –
FeCHx (x=1, 2, 3) 69, 70, 71 – –
C3H3 39 yes –
Fe 56 yes yes
FeCp 121 yes yes
C10H8 128 yes yes Figure 10. Temperature dependence of selected QMS signals during

ferrocene CVD. All signals except H2 are corrected for baseline contri-
bution due to ferrocene fragmentation.
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Obviously, the curvature of the cathodes affects the FE
measurements, especially in diode configuration. Since the
adjustable electrode spacing between the sample and the
phosphor screen (Dz) in our integral current measurement
system (with a luminescent screen (IMLS)[40]) is typically
300 mm, a non-flat field up to about 30% has to be taken
into account, despite of the effective electric-field calibra-
tion by means of U(z) plots.[41] Accordingly, the IMLS
images of the two curved samples (Figure 12) yield the
strongest FE in those areas that are exposed to the highest
field. This edge emission has often hindered the full exploi-
tation of our CNT cathodes. Emitter number densities N(E)
of more than 7000 cm�2 at 5(7) Vmm�1 and 3500 cm�2 at
3 Vmm�1 result from these images with 20 mm resolution, re-
spectively. The corresponding current densities j for these
images are 12 and 83 mAcm�2 in dc operation. In accord-
ance with the non-flat field and the expected spread of the
CNT lengths on porous alumina, the integrally measured
FE current of the CNT cathodes in Figure 13 shows a non-
linear Fowler–Nordheim (FN) dependence, which is also in-
fluenced by processing effects.

During the initial increase of the field four regimes with
different linear slopes can be extracted, which correspond
to field-enhancement factors b between 700 and 2000 for an
assumed work function F=4.9 eV.[42] The FN plot for the

field decrease and second increase becomes more reproduci-
ble at higher current levels but still shows various slopes,
that is, b values of 1100, 2100, 1200, and 800. Such slope
changes are usually caused by the superposition of many
CNT emitters with different FN parameters, which have

been found by other authors
as well.[43] It is remarkable
that our samples with nona-
ligned CNTs provide at least
a few emitters with high b

values above 2000 resulting
in low onset fields Eon for
1 nA of about 1 Vmm�1. The
observed irreversible changes
of the integral I–V curves re-
flect the local activation and
deactivation of emitters, both
of which have been demon-
strated by the analysis of
consecutive IMLS
images.[29, 44] After dc process-

Figure 11. 3D profiles of CNT cathodes on porous alumina. Left: concave curvature (22.4 mm2); right: convex curvature (24 mm2). The height
scale is magnified for better illustration.

Figure 12. IMLS images of the same CNT cathodes as in Figure 11. Left: Dz=200 mm and U=1090 V,
I=2.7 mA. Right: Comparison with a more flat cathode of 18.2 mm2 size at Dz=350 mm, U=1400 V,
I=20 mA.

Figure 13. FN plot of the integral current measured for a typical CNT
cathode on porous alumina showing various slopes due to the
superposition of emitters and processing effects.
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ing times of some hours, the emission of the CNT cathodes
usually becomes more stable and uniform at the expense of
about 40% less current at a given field.[29]

The main result of the systematic variation of the fabri-
cation parameters of the CNT cathodes is a strong correla-
tion between the average alumina pore diameter and the
processed integral current density j, as shown in Figure 14.
While commercial Anopore substrates with 200 nm pores
yield j values below 1 mAcm�2 at 4 Vmm�1, j values up to
four times higher have been achieved for CNTs grown on
our alumina templates with pore diameters between 20 and
30 nm.[45] Considering the average diameter of 20 nm of our
multi-walled CNTs, their improved anchoring within the
pores is suggested as a most straightforward explanation for
this improvement.

In order to exploit the full potential of our CNTs on
porous alumina for FE applications, we have performed
high-resolution regulated voltage scans U ACHTUNGTRENNUNG(x,y) for a given
maximum current and local
measurements of the FN pa-
rameters of single emitters by
means of a field-emission
scanning microscope
(FESM).[40] Figure 15 shows
typical U ACHTUNGTRENNUNG(x,y) results for CNT
samples with 200 and 42 nm
pore diameters, which obvi-
ously show a higher emitter
number density N(E) for the
case with larger pores. The
N(E) values found in the
FESM U-maps are above
10000 cm�2 at 6 Vmm�1, that
is, slightly higher than those
in the IMLS images because
of voltage adaptation and
higher spatial resolution of the tungsten tip anodes.

It is most remarkable that fewer emitters on smaller
pore-diameter samples provide higher current densities,
thus underlining the hypothesis of the improved anchoring

of CNTs in smaller alumina pores. Therefore, the FN pa-
rameters (F=4.9 eV) of randomly chosen emitters of both
samples were compared (Figure 16). The emitters on 200-
nm alumina pores provide a larger spread of b values and,

Figure 14. Influence of the pore diameter of the alumina on the inte-
gral current density from CNT cathodes achieved at an effective elec-
tric field of 4 Vmm�1.

Figure 15. U maps (scan area 1?0.5 mm2) of CNTs. Left: on 200-nm pores (W anode tip diame-
ter=20 mm, Dz=20 mm, I=10 nA); right: on 42-nm pores (W anode tip diameter=12 mm, Dz=14 mm,
I=1 nA). The resulting emitter number densities N(E) are 60000 cm�2 at 8.8 Vmm�1 and 24000 cm�2 at
12 Vmm�1.

Figure 16. Comparison of the field enhancement factor b as a function of the onset field for 1 nA determined for 30 (20) randomly chosen
emitters on the same CNT samples as in Figure 9, that is, left: 200 nm pores; right: 42 nm pores. Please note that some emitters were
destroyed during the voltage cycles.
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on average, higher Eon values (15–870 at 8–32.5 Vmm�1)
than those on 42 nm pores (140–450 at 3–9 Vmm�1). This
might be explained by the different growth conditions of
the CNTs for constant ferrocene mass flow. In SEM images
on large-pore samples, mostly short (<0.5 mm) and only a
few longer CNTs (>2 mm) are visible, while on smaller pore
samples less but more uniform CNTs are observed.[28, 41,46]

Beside the strong processing effects, the emitters on both
samples show an inverse bACHTUNGTRENNUNG(Eon) correlation, as expected
from FN theory.

For FE cathode applica-
tions the current-carrying ca-
pability of single CNTs is
most interesting. Therefore,
we have tried to reach the
current limits of our
MWCNTs by local FESM
measurements with high reso-
lution (<10 mm). Accordingly,
the voltage was increased
until strong current fluctua-
tion or degradation occurred.
On average the emitters on
the 200 nm alumina pores
provided much lower maxi-
mum currents Imax (�2 mA)
than those on 22-nm pores
ACHTUNGTRENNUNG(�9 mA), thus again confirm-
ing the hypothesis of im-
proved CNT anchoring. The corresponding FN plots of the
best emitters (8.6 mA and 19.7 mA, respectively) are shown
in Figure 17. Assuming that only one MWCNT is involved,
these Imax values are close to the highest reported in the lit-
erature.[5]

It is tempting to extrapolate maximum achievable dc
current densities j above 0.2 Acm�2 for the best CNT sam-
ples at 10 Vmm�1 by multiplying the average Imax and N(E)
values as determined by the FESM. For real cathodes in the
IMLS, however, such high j values can not be realized be-
cause of the high power load on the luminescent screen,

which leads to evaporation of the “phosphor” and damaging
discharges.[44] Therefore, we have switched the measure-
ments from dc to pulsed operation with duty cycles of at
least 1:10 at the first evidence of “phosphor” traces (e.g., by
mass spectrometry of corresponding gas species). Accord-
ingly, high peak-current densities jp up to 45 mAcm�2 at
7.5 Vmm�1 for CNTs on 29-nm pores and more than
0.2 Acm�2 (only limited by the power supply) at
11.5 Vmm�1 on 22-nm alumina pores have been achieved, as
shown in Figure 18. It should be mentioned that the impres-

sion of much improved FE homogeneity is partially caused
by the lateral light spread in the luminescent screen, which
is useful for light-source applications.[41]

The FE performance of our best CNT samples on alumi-
na with different pore diameters are summarized in Table 2.
Obviously, these results confirm the correlation shown in
Figure 18, now at higher electric fields in both dc and
pulsed modes. Thus, the benefit of smaller pore size on high
current densities is due to the improved anchoring of the
CNTs. The comparably small dc jmax values of the samples
with 65 and 60 nm pores were limited by rather inhomoge-
neous FE. The new record current density of 0.2 Acm�2 at
11.5 Vmm�1 for the 24 mm2 size cathode with 22-nm pores is
close to the best values reported in the literature.[3]

3. Conclusions

By using an integrated experimental and theoretical ap-
proach we were able to optimize the field-emission proper-
ties of nonaligned CNTs on porous alumina substrates. Iso-
lated CNTs were either anchored on top of alumina nucle-
ACHTUNGTRENNUNGation sites or in the pores of the substrate by thermal CVD.
This ensures that the CNTs show a good intergrowth and
mechanical stability with the substrate (comose-type struc-
ture) resulting in very good FE performance properties.
With this selective growth approach we have bypassed
mutual shielding effects typically observed for CNT
arrays.[11] This is an important step towards controllable FE
devices. For the first time, transient CFD simulations were

Figure 17. Locally measured FN plots and maximum currents Imax of
the best CNT emitters on a) 200 nm and b) 22 nm alumina pores.

Figure 18. Pulsed-mode IMLS images of CNT samples. Left: on 29-nm pores (22.4 mm2, U=1500 V,
Dz=200 mm, Ip=10 mA). Right: on 22-nm pores (24 mm2, U=2300 V, Dz=200 mm, Ip=50 mA). For the
latter image a 20% transmission filter was used for protection of the CCD camera.
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carried out to study the development of temperature and
concentration profiles with ferrocene as a CVD precursor
above and on the substrate surface. Our chemistry-based
model for ferrocene decomposition and the reactions de-
scribing molecular weight growth consists of 2653 reactions
among 299 species. The major gas-phase species were found
to be H2, C10H8, C12H8, C6H6, and C2H4. Our modeling stud-
ies were supplemented by mass-spectroscopic in situ gas-
phase analysis of the substrate boundary layer under real
CVD reaction conditions resulting in the identification of
reaction products as a function of temperature, which quali-
tatively agree with the predicted data. Large numbers of ho-
mogeneously distributed field emitters with low onset fields
were found. This was attributed to the high stability of the
unique CNT structure and the scattered, isolated CNT dis-
tribution on top of the substrate. In addition strong field en-
hancement and stable high current-carrying capability after
dc processing over some hours were achieved on the new
sample morphologies. A strong correlation between the
average pore diameter on the alumina template and the cur-
rent density of the CNTs was found. This supports the im-
proved anchoring of the CNT structures on the alumina re-
sulting in excellent FE performance. For an optimized
sample of 24 mm2, resulting dc (pulsed) current densities up
to 83 (200) mAcm�2 at 7 (11) Vmm�1 have been ACHTUNGTRENNUNGachieved,
which are close to the high-
est literature values.

4. Experimental Section

4.1. CVD Synthesis

Alumina membranes (Ano-
pore) or homemade porous alu-
mina[18,30] substrates were fixed
perpendicular to the gas flow
between two metallic rings
fitted tightly into a quartz tube
reactor with three individual
heating zones.[30] Aluminum
tris(sec-butoxide) (300 mg/
1.22 mmol) was then intro-
duced into the first heating

zone under argon while the membrane was located in the
second heating zone. The furnace was heated to 823 K in the
second and third heating zone while the first was adjusted to
623 K. During heating, a dynamic vacuum of 1 mbar was applied
on the back side of the membrane. A small amount of residual
organoaluminum precursor (decomposition) was removed after
3 h and 50 mg (0.27 mmol) of ferrocene was placed in the first
heating zone. The first heating zone was maintained at 623 K
the second and third were held at 1123 K. After complete subli-
mation the reactor was cooled to ambient conditions under
argon.

4.2. Molecular-Beam-Coupled Quadrupole Mass Spectrosco-
py (MB-QMS)

To study the gas-phase chemistry during CVD-based nano-
tube synthesis, we employed in situ molecular-beam-coupled
quadrupole mass spectroscopy (MB-QMS) (Figure 19),[39] which
is a powerful analytical tool to detect stable and radical gas-
phase species in combustion[46–50] or CVD processes.[51,52] Previ-
ously we successfully applied MB-QMS to diamond CVD[53] and
MOCVD of GaN[54,55] and InN.[53] .

Ferrocene was evaporated at 343–383 K and directed into
the cylindrical (7.5 cm internal diameter) low-pressure titanium
reaction chamber via a heated gas-transfer system with exit tem-

Table 2. Overview of the emitter-number densities Nmax and maximum dc and pulsed integral current densities jmax achieved at the correspond-
ing fields Emax for the best CNT samples on alumina with different pore diameters.

Average pore diameter
[nm]

Sample area
ACHTUNGTRENNUNG[mm2]

dc (IMLS) Pulsed (IMLS) FESM
Nmax

ACHTUNGTRENNUNG[cm�2]
jmax

ACHTUNGTRENNUNG[mAcm�2]
Emaxeff

[a]

ACHTUNGTRENNUNG[Vmm�1]
jmax

ACHTUNGTRENNUNG[mAcm�2]
Emax

ACHTUNGTRENNUNG[Vmm�1]
Nmax

ACHTUNGTRENNUNG[cm�2]
E

ACHTUNGTRENNUNG[Vmm�1]

200 24.7 7000 1.2 3 5.6 12.3 60000 8.8
65 13 1500 0.75 4.1 58 7.6 – –
60 8 6000 0.8 4 – – 62000 23
42 31 10000 32 7.2 – – 24000 12
29 22.4 >7000 12 5.5 45 7.5 48000 6.2
22 24 >7000 83 7 >200 11.5 56000 19.5

[a] Emaxeff is the averaged value over the cathode size.

Figure 19. Schematic setup of the mass spectrometer used to analyze the boundary layer near the sub-
strate during ferrocene CVD. From left to right: ferrocene vaporization, titanium reactor with heated sap-
phire substrate on the bottom, skimmer, chopper to modulate the reactor signal, and quadrupole mass
spectrometer (QMS) to analyze the extracted gas sample.
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peratures of 673 K (Figure 19). The precursor was injected onto
the substrate (2.5-cm diameter) via a coaxial steel tube, separat-
ed 1 cm from the substrate surface. The substrate temperature
was controlled by a thermocouple placed between the substrate
and a boron nitride heating element attached to the reactor
bottom. Gas was sampled at the substrate surface via a hole
(100–300 mm diameter) generated by laser ablation. Three-stage
differential pumping reduced the pressure from a few mbar, to
about 10�4 mbar behind the orifice and 10�7 mbar inside the
analysis chamber. Here, the gas was ionized by a 10–70 eV
crossbeam electron gun and analyzed by a QMS with single-ion
detection. A chopper modulates the gas flow originating from
the substrate thus minimizing background gas signals from the
analysis chamber by computing the difference between open
and closed chopper half-cycles. Mass spectra from 1–300 amu
were captured with 0.4 amu resolution, sensitivities in the mbar
range, and six orders of magnitude dynamic range.[53–56]

4.3. FE Measurement System

Integral I–V curves of FE cathodes were measured in diode
configuration with online imaging of the current distribution at
pressures of 10�6 mbar.[40] The samples were fixed on Al catho-
des by means of Leit-Tabs (Plano) and assembled parallel to the
phosphor anodes (tilt 10 mm). The electrode spacing was adjust-
ed between 125 and 400 mm. Currents up to 50 mA and dc vol-
tages up to 5 kV were applied by a power supply (FUG) partially
with current-controlled PID voltage regulation or remote-con-
ACHTUNGTRENNUNGtrolled pulsed operation (2 ms full-height rise time). The average
current was measured with an analog (Keithley 610C) or digital
pico-ammeter (Keithley 6485E) and scaled with the duty cycle in
case of pulsed operation.[41] The luminescent screen images
were taken by a CCD camera either as single shots (1600?1200
pixels!20 mm) or online (768?576 pixels) transferred via video
recorder and frame grabber (Matrox meteor II) to a computer
(Pentium III). Real-time data saving and processing was per-
formed with a frequency of 10 Hz by means of AnalySIS soft-
ware. A quadrupole mass spectrometer (QMG 112) served as an
indicator for luminescent layer evaporation with a partial pres-
sure sensitivity of 5?10�11 mbar (e.g., for S and C).

A field-emission scanning microscope was used for the local-
ization and investigation of field emitters at a base pressure of
10�7 Pa.[40] The scans of the CNT samples were performed with W
tip anodes of 10–30 mm diameter at about the same distance to
the cathodes. The resulting electric field on the samples (E=U/
ad) is reduced by a correction factor a>1, which has been cal-
culated with the numerical code MAFIA.[57] The spacing between
the anode and the sample was adjusted by means of 3D step-
per-motor-driven sliding tables and a 3D piezo translator below
the tiltable sample holder (Dz accuracy of �1 mm over a 1 cm2

scan area) and monitored with a long-distance optical micro-
scope (Questar) and a CCD camera.
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