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Strong deviations from Fowler-Nordheim behavior for field emission from individual SiC
nanowires due to restricted bulk carrier generation
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We report here field-emission (FE) studies of individual single-crystal SiC nanowires that showed several
distinct I/V regimes including strong saturation resulting in highly nonlinear Fowler-Nordheim plots. The
saturation is due to the formation of a depletion layer near the nanowire ends as predicted for FE from
semiconductors and appears after in situ control of the surface cleanliness. This work opens the door to
improving the uniformity, stability, and photon control of mass-produced planar nanowire FE cathodes and
shows how FE can be used for transport measurements on individual semiconducting nanowires.
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I. INTRODUCTION

Field emission (FE) from carbon nanotubes! (CNTs) has
attracted appreciable interest for both applications and the
fundamental physics of quasi-one-dimensional objects. There
are several important advantages of CNTs as field emitters
such as high-field amplification, mass fabrication, current
stability, high current carrying capability, and robustness. As
a result numerous large and medium scale applications have
been identified:? flat panel displays, lighting, portable x-ray
generators, rf amplifiers, etc. On the fundamental side, it has
been shown that FE can also access simultaneously electri-
cal, thermal, optical, and mechanical properties’™ of an in-
dividual CNT. In contrast to CNTs, there has been much less
work on FE from another important quasi-one-dimensional
system, semiconducting nanowires (NWs), even though they
are now a distinct and large research domain.®’ They can
also be produced with the same geometries as CNTs on ei-
ther tip or planar surfaces, amenable to similar applications.
An important difference is that the more predictable band
gaps and doping methods of semiconducting NWs open dif-
ferent possibilities compared to CNTs, which have been of
the metallic type in all FE experiments on these 1d emitters.

In view of this there is a clear need for in-depth studies of
FE from individual NWs: first for the different opportunities
that NWs may create for FE cathodes and second for the
possibility of using FE to measure different properties of
NWs. This last should be useful for meeting two of the major
challenges facing the NW research community. (1) What is
the role of the surface in different physical processes, such as
electronic transport and optical absorption, in these objects
of large surface-to-volume ratio® and (2) how can the doping
be controlled or even measured when unwanted impurities
and surface segregation’ are common phenomena. Though
certain groups have achieved p- and n-type dopings and their
characterization by integrating them into transistor
structures,'® such control and analysis has only been applied
to a small minority of the many synthesis methods now be-
ing developed.

The emitted current density J from metallic or semimetal-
lic emitter through the triangular surface tunneling barrier is

1098-0121/2009/79(7)/075421(7)

075421-1

PACS number(s): 79.70.+q, 73.63.—b, 61.46.—w

governed by the famous Fowler-Nordheim (FN) theory.!!
The FN equation is J=A(BV)? exp(—B—’%), where A and B
are roughly constant, ¢ is the work function (~5 eV), and
F=pV is the applied field with 8 the geometrical factor at
the emitter surface and V is the applied voltage. Emission is
dominated by the exponential term that comes from the tun-
neling probability. There is only a modest correction for tem-
perature. Plotting log(é) ' ‘i, (the FN plot) should give a
straight line and this has been verified literally thousands of
times since the first report of Millikan and co-workers.'?
Most measurements on CNTs follow quite well this equation
though more or less strong deviations can occur due to a host
of nonintrinsic effects such as a resistance drop along the
CNT,"3 high temperatures due to Joule heating,® adsorption-
desorption cycles,'* space charge,' etc.

Though much less extensive than the work on metals,
there has been significant theoretical and experimental work
done on FE from semiconductors from the 1960s until now.
The specific cases of p-type doping and high-resistivity
n-type samples are interesting because they can lead to very
dramatic nonlinear FN plots. //V characteristics are divided
into three different emission regimes (I-III) (see inset of Fig.
1) as the current follows or deviates with respect to standard
FN theory. The regimes are predicted by theory'¢ and have
been verified in experiment!’-2° for properly prepared mac-
roscopic FE tips. In particular for the p-type case (see Fig.
1), a space-charge region can form within the emitter tip near
the apex because field emission takes place from the degen-
erated conduction band where the height of the tunnel barrier
is smaller, whereas most of the bulk carriers are in the va-
lence band.

The three regimes are distinguished as follows (going
from low to high currents): (i) Region I: standard FN or zero
current approximation. The number of electrons at the emis-
sion zone is sufficient and J(V) is determined only by the
tunneling probability. The conduction band is strongly de-
generated at the apex due to field penetration and behaves
similar to a metallic emitter. (ii) Region II: saturation. Emis-
sion is limited by insufficient carrier supply through the gap.
This regime is often assimilated to a p-n junction in reverse
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FIG. 1. Potential-energy diagram in the near surface region for
field emission from a p-type semiconductor in regime I. A space-
charge region builds up behind a pocket of electrons formed in the
degenerate conduction band. Emission occurs below the bulk Fermi
level by an amount AE directly measurable with the energy ana-
lyzer. Inset: schematic of the theoretical Fowler-Nordheim plots de-
picting the three current regimes and the effects of temperature or
light.

bias. In contrast to standard FN emission, the current is
strongly dependent on temperature and light because the
generation of free carriers affects the depletion zone. (iii)
Region III: rapid increase. The field penetration is sufficient
for impact ionization in the space-charge region and carrier
density progressively increases. This regime is less studied
and other mechanisms may play an important role such as
Zener tunneling. In the highly resistive n-type case, the satu-
ration regime is similar in that it is characterized by a too
low total current with some region of high drift and diffusion
currents. However, the role played by the energy gap is now
played by the dopant ionization energy. The saturation in
region II is the most interesting for applications because the
emission current is bulk controlled and much less sensitive to
the surface of the apex. This aids in current stability, unifor-
mity of emission from emitters of different 38, and control of
emission by temperature and light; this last opens up appli-
cations for photocathodes. Successful observation of these
regimes even for macroscopic tips is very dependent on
sample preparation and is often completely masked by un-
wanted surface short circuiting due to adsorption, surface
segregation, defects, etc.2! This is exacerbated for NWs be-
cause of the high surface-to-volume ratio. Consequently re-
gion II is easily hidden by surface leakage which is likely
why it has not yet been observed for NWs. The effect on the
FN plots is described in Fig. 2 which shows that the tem-
perature dependence is reduced as the emission process ap-
proaches FN theory.

The few measurements in the literature on NWs have only
shown standard FN behavior whether for multiple emitters
dispersed over planar supports?>> or for individual NWs
grown or mounted on support tips.?®?” In this paper, we re-
port 1/V and FE electron spectra (FEES) studies of several
individual SiC nanowires as a function of temperature. The
nanowires were submitted to in situ temperature and ion
bombardment cycles. Properly prepared nanowires showed
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FIG. 2. (Color online) Schematic Fowler-Nordheim plots for a
nanowire with different modes of transport, for example, through
surface layers or by defects or a range of deep dopants. As more
conduction channels are available, the curves will evolve toward a
standard FN plot reducing the effects of temperature and light.

strongly nonlinear FN plots with the three regimes that are
predicted by the FE theory for semiconductors. That is, the
nonlinearity is not due to obvious secondary effects but to
insufficient carrier supply from within the NW itself. The
emission was strongly dependent on temperature.

The paper is organized as follows. Section II describes
our experimental setup. The experimental results are shown
in Sec. III, and Sec. IV is dedicated to the interpretation of
our results. A brief conclusion is given at the end of this

paper.

II. EXPERIMENT

We have carried out FE studies of individual wide band
gap SiC NWs synthesized in mass at high temperature by a
pure vapor solid process®® that uses no catalyst. These NWs
have been extensively studied by our groups over the last
few years by FE, scanning electron microscopy (SEM),
transmission electron microscopy?® (TEM), and Raman
spectroscopy®’ and have been used as cantilevers in me-
chanical resonance experiments.>%-32 In particular TEM stud-
ies showed that the NWs were single-crystalline 3C-SiC with
various concentrations of stacking faults and covered by a
native oxide layer of several nanometers. The stacking faults,
which can be seen as inclusions of other polytypes into 3C-
SiC, can lead to variable band gaps along the nanowire.

Individual NWs of different diameters (35-200 nm) were
attached by conductive carbon glue to the ends of tungsten
tips obtained by electrochemical etching [Fig. 3(a)]. The at-
tachment of NWs having diameters greater than 75 nm was
done using a micromanipulator and an optical microscope.
NWs with small diameters were mounted with a three-
dimensional nanomanipulator in a SEM.33

All FE measurements, such as the dependence of emitted
current /g on time, voltage, and temperature, FE microscopy
(FEM) imaging, and FE electron spectroscopy (FEES) of the
total-energy distributions (TEDs) of the emitted electrons,
were performed in an ultrahigh vacuum (UHV) system at a
pressure of 2 X 1071 Torr. The W tip was held in a 1-mm-
diameter nickel tube spot welded to a tantalum loop to allow
in situ cleaning by standard Joule heating. The experimental
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setup for the field-emission measurements has been reported
in detail elsewhere? and reduced to its minimum consists of a
negatively polarized emitter facing a phosphor screen several
centimeters away on which the FE pattern is formed by the
projected emitting electrons. The emitter head can also be
reoriented so that the electrons enter into an energy analyzer
which allows a direct measurement of the voltage drops (or
electrical resistances) along the nanowire or an electron
counter for very low current measurements (see below). The
temperature could be varied between 80 K and typically
1200 K. The NW temperature (7) versus the current in the
heating loop was determined by a chromel-alumel thermo-
couple spot welded onto the nickel tube and micropyrometer
measurements for 7" above 700 °C. The system had a home-
built ion bombardment system which allowed uniform bom-
bardment by different gas ions down to 50 eV.

Two particular difficulties were encountered throughout
these experiments. First FEM and FEES were often difficult
because the NWs tend to break off along transverse cleavage
planes from the much longer wires produced during growth.
This often gave apex edge emission off the NW axis that was
difficult to align with the energy analyzer and even the FEM
screen. As of the present, our better FEM patterns consisted
of random spots due to fairly localized emission zones [Fig.
3(b)] without the possibility of distinguishing the apex crys-
tallography. Field ion evaporation at high reverse fields on
this covalent material usually could not round and smooth
the NW ends and sometimes the whole NW was removed
from the W support tip. Second, the SiC nanowires can un-
dergo sudden transformations during FE generally at higher
currents and temperature where, for example, the electrical
resistivity is decreased by a factor of 100, thus exhibiting
metallic behavior. These difficulties mean that one NW could
not yet be taken through all the types of measurements and
thus partial and overlapping results of different NWs will be
exposed to demonstrate the experiments.

III. RESULTS

Measurements on several SiC NWs of different diameters
(35-175-200-250 nm) were carried out. Figure 3 shows two
NWs denoted NWI1 (diameter d=200 nm; length L
=50 wm) and NW2 (d=35 nm, L=2 um). The mea-

sured  NWs (d=175 nm, L=65 um) and (d
=250 nm, L=55um) are denoted NW3 and NW4, respec-
tively.

Prior to FE measurements, the NWs were precleaned to
800 K in UHV for 2 min to desorb the volatile layers that are
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FIG. 3. (a) SEM images of two
nanowires NWI1 (diameter d
=200 nm and length L=50 um)
and NW2 (d=35 nm, L
=2 um) mounted on a tungsten
tip. (b) Field-emission patterns of
the NW2 show several bright
spots due to localized emission
from higher radius of curvature
zones.

always present on surfaces exposed to air. The FE current
was then extremely stable (Fig. 4). In fact the stability is as
good as carbon nanotubes in similar vacuum,’ though at first
with lower sustainable currents (see below). Thus despite the
quite large band gap of 2.4 eV, SiC NWs without intentional
doping can be used as field emitters. The intrinsic carrier
density would only be 1072/cm? at room temperature con-
vertible into a resistance of 10> () for a reasonable carrier
mobility of 380 ¢m?/V s and the dimensions of NW1. The
question then is: what is the transport mechanism? For ex-
ample, typical accidental n-type doping by N in bulk crystals
of 10"7-10'8/cm? is common. The level and type of acciden-
tal doping is not known a priori for this growth method and
conduction through a surface layer is very possible (even
likely) in these small structures.

First current-voltage (I-V) measurements often showed
what appeared at first glance to be metal-like emission, i.e.,
linear FN plots, but they were very sensitive to temperature
(7T) and the slopes of the FN plots were much lower than can
be explained with theory unless a ridiculously low ¢ is in-
voked. This sensitivity to 7 is not in agreement with metallic
emission but is for semiconductors where the density of car-
riers is thermally activated especially for deep donors or
large gap semiconductors. However, the three predicted re-
gimes were not distinguishable.
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FIG. 4. (Color online) Emission current stability of NW3 for
different voltages at room temperature.
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FIG. 5. (Color online) FN plots for NW1 after Ar ion bombard-
ment and with increasing temperature with steps of 70 K from room
temperature up to 920 K for the NW1 showing high sensitivity to
temperature. At high temperature, there are clearly two regions (I
and II in inset).

We then performed ion bombardment to remove the sur-
face layer and perhaps the native oxide on the NWs. Low-
energy ion sputtering at room temperature with Ar (50-100
eV) at a feed pressure of 1X 10™* Torr and subsequent an-
nealing resulted in essential modifications in the I-V curves.
Ton penetration distances at these energies are in the 1 nm
range and thus this is essentially surface erosion. In Fig. 5 we
present FN plots with increasing temperature up to 920 K for
the NW1. The curves are strongly nonlinear, particularly at
high temperature where the regimes I and II are clearly dis-
tinguished. Emission is highly sensitive to 7 with a maxi-
mum of [1(920)-1(300)]/1(300) ~300. At lower tempera-
tures, one observes only a linear curve which we still ascribe
to regime II. We would need to measure currents well below
1013 A to observe regime I in this case (see below). Regime
IIT was not observed here because we limited the emission
current to approximately 10 nA, in order not to damage the
nanowire and prevent current hysteresis from charge trap
motion under a high electric field. The saturation behavior
was reproduced for all four NWs.

To decrease the minimal detectable current, we placed a
single electron counter in the system. This permits us to mea-
sure currents to very low levels. A background noise level of
still undetermined origin has limited us at present to 102! A
with saturation at approximately 10713 A, which just over-
laps our electrometer. Another series of FN plots is shown in
Fig. 6 which now shows the FN behavior well followed for
the regime I branch which could, in principle, now be used to
estimate the electron affinity. Such low currents are seldom if
ever explored in FE. An interesting feature is that on de-
scending the branch I, the current becomes more and more
sensitive to temperature after a minimum sensitivity at the
meeting point of regimes I and II. This is a consequence—or
if one prefers a confirmation—of the applicability of FN
theory here because the coefficient multiplying the 7> correc-
tion increases on reducing the field.3*

To observe regime III a higher internal electric field is
needed. To do so for the same range of current, we attempted
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FIG. 6. (Color online) FN plots for NW4 with increasing tem-
perature. One distinguishes the three regions: region I appears at a
very low current (1072'-107'% A) measured with the single elec-
tron counter; region II is very sensitive to temperature; and we can
notice the beginning of region III.

to decrease the number of carriers. Several bombardment
cycles with argon and FE desorption shortening were carried
out in order to reduce even further surface leakage. A series
of I/V curves is shown in Fig. 7 that now clearly shows the
transition from regime II to regime III. Regime I is barely
visible at 865 K. As previously reported® the position of the
TEDs gives the voltage drops along the NW and plotting the
emitted current against their position is equivalent to a two
point transport measurement with one bias direction avail-
able. In Fig. 8, we present the plot of emitted current versus
voltage drop along the nanowire corresponding to the FN
plots of Fig. 6. The voltage drops are quite large reaching
150 V. On log scale for I, these curves have two slopes which

log,,(/V?)
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FIG. 7. (Color online) FN plots after several argon-ion bom-
bardment cycles and FE desorption shortening for NW1 at different
temperatures. These curves show two regions (I and III) where
only the region II is sensitive to temperature. At 775 and 865 K, we
can hardly distinguish region I. The dotted lines (black at 300 K and
red at 865 K) correspond to a correction for the voltage drop mea-
sured in Fig. 8 (see Discussion).
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FIG. 8. Emission current versus tip voltage drop for NW1 at
different temperatures corresponding to the FN plots of Fig. 7.

correspond to the two regimes II and III of Fig. 7. The ex-
ponential behavior in regime II indicates a non-ohmic behav-
ior, the origin of which (bulk or contact) will be discussed in
the next paragraph.

All the measurements presented above were reproducible
over the measurement cycles; however, for high-temperature
treatments (7>>1000 K) the nonlinearity in the FN curves
could suddenly disappear accompanied by transformations to
lower resistance. The FN plot followed the schematic of Fig.
2. This irreversible effect was also observed for bulk semi-
conductor emitters by Arthur!” and Fursey'® when the emit-
ter was heated to 450 K in vacuum. According to these au-
thors, this effect is attributed to the formation of a
conducting skin along the emitter. In our case, the conduc-
tion skin is likely due to the segregation of carbon at the
surface and the preferential volatility of silicon in the tem-
perature range of 1300-1450 K.3 The saturation effects
could often be recuperated by new bombardment cycles
which is strong proof that the modifications are due to sur-
face changes. It is worth noting that the transformed nano-
wires can emit stable currents up to 10 uA, approaching
values for carbon nanotubes ostensibly due to reduced heat-
ing effects. This is much higher than previously reported for
individual nanowires?®?” and is useful for high current appli-
cations, though the emission is then no longer sensitive to
temperature or light.

IV. DISCUSSION

The FE clearly follows the broad lines predicted by semi-
conductor theory with the three regimes distinguished when
the NW surface is properly prepared. We have carried out
some analysis of this system with the goal of quantifying this
agreement; but as we discuss below a close correlation with
experiments is presently not possible. The bulk or surface
doping of these NWs is not known a priori though Raman
studies have recently given evidence for room-temperature
carrier densities in the 10'®-10'"" cm™ range for pristine
NWs fabricated by this procedure.?
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For untreated NWs, we simply propose that the carriers
come mainly from the residual amorphous SiO, layer at the
surface as the saturation is visible only after ion bombard-
ment which removes most of this layer. For the treated nano-
wires, a simple explanation of the saturation current due to a
highly resistive Ohmic nanowire does not work. The strong
bending of the Fowler-Nordheim curves cannot be explained
just by an additional voltage drop along the nanowire. This
can be seen in Fig. 7 where we made the correction for the
voltage drop measured with the TEDs in Fig. 8. A shift of the
curve is obtained but not a change in its form or slope. The
exponential behavior of the current in Fig. 8 could also be
interpreted as coming from a Schottky barrier at the contact
between the tip and the nanowire. However, a 100 V voltage
drop across such a barrier for a single nanowire is enough to
reduce its thickness to the point where it conducts current
such as an ohmic contact. So, carrier-concentration effects
must be taken into account.

The activation energy E, of the saturation current can
give insight into the doping of the semiconductor. For a
p-type semiconductor emitter, the saturation current is attrib-
uted to thermally generated electrons and holes over the dif-
fusion region and is proportional to ”12 the intrinsic carrier
density as in a classical p-n junction in reverse bias. A more
refined model for the p-n junction also involves carriers
coming from recombination in the depletion region and sur-
face recombination to explain some of the discrepancy be-
tween predicted and measured saturation current. However,
these two additional currents are proportional to n;. The two
mechanisms are experimentally distinguishable because the
activation energy will be E,,/2 for ”12 and E,,, for ni-type
carrier generation, respectively. An even further refined
model,?° including the effect of trap charges, gives a more
complicated activation energy that depends on E,,,/4 for a
specific geometry of the emitter. For an n-type semiconduc-
tor, the saturation current is due to thermally generated elec-
trons from the dopant to the conduction band. From elemen-
tary semiconductor theory, the activation energy is E, (the
dopant energy ionization) at low temperature, %Ed at inter-
mediate temperature, and zero when all the dopants are ion-
ized. The gap for our cubic SiC is 2.4 eV (Ref. 37) and from
the experimental growth conditions, the possible accidental
dopants during synthesis are N [n type E;~0.1 eV (Ref.
37)] and Al (p type). We observed two regimes in activation
energy with a crossover at ~600 K. The low temperature E,
is between 0.3 eV (for NW3) and 0.125 eV (for NW2) with
a fairly linear 1/T dependence of the logarithm of the cur-
rent. Such an activation energy could be in agreement with
an N doping; however, its variability for different samples is
more in favor of a contribution from a remaining disordered
Si0, layer. The high-temperature data for NW1 give a fitted
E,4 of 0.8 eV [see Fig. 9(a)] which decreases with increasing
voltage. This value clearly rejects a purely p-type scenario
and indicates that traps should play an important role. This
conclusion is supported by the field dependence of E, as
expected for a Poole-Frenkel mechanism® and by the in-
creasing current as a function of voltage in regime II instead
of nearly perfect saturation. Varying slopes in regime II have
also been observed by others!®?® and are attributed to the
weight of additional transport mechanisms, especially the
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FIG. 9. (a) Arrhenius plots of the emission current for NW1 at
three different voltages taken from Fig. 6 [(®) at 500 V with an
activation energy of 0.80 eV, A at 566 V with an activation energy
of 0.76 eV, and (M) at 666 V with an activation energy of 0.74 eV].
(b) Arrhenius plots for NW4 corresponding to its state for which the
FN plots of Fig. 6 were measured.

Poole-Frenkel effect. The difference in E, between the low-
temperature and high-temperature regimes explains why
even in an insufficiently cleaned sample as in Fig. 4, the
saturation tends to be visible at 900 K, since the p-type trap-
assisted current dominates at high temperature. A frequent
complication should be mentioned; that is, the fitting to I(7)
curves for samples with weak saturation due to the existence
of surface conduction leads to reduced values of E, as ex-
plained in Fig. 2. An example is shown in Fig. 9(b) corre-
sponding to the FN plots of Fig. 6 which gave a low E, of
0.275 eV. A final remark is that we believe that the saturation
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effects are well observed here at high temperatures, in con-
trast to previous work on other emitters because of the larger
band gap of SiC.

V. CONCLUSION

In this study, we have succeeded in modifying in situ the
surface of mass-produced nanowires by ion bombardment,
thus revealing a saturation phenomenon previously observed
only in bulk emitters. These are accompanied by a high sen-
sitivity of emission to temperature. Analysis of the data gives
evidence of the p-type doping with trap-assisted transport at
temperature above 700 K. It is only the combination of
variable-temperature FEES and Fowler-Nordheim measure-
ments that allowed us to determine the transport mechanism
involved in these nanowires with a priori unknown conduct-
ing characteristics. We anticipate that this work opens a
rather wide range of perspectives for semiconducting nano-
wire field emitters ranging from theory and basic research to
applications. Hand in hand with the temperature dependence,
we have already demonstrated a high sensitivity of the emis-
sion to laser light which we will expose in a future publica-
tion. This opens a different route to highly efficient planar
photocathodes. The high current carrying possibility of trans-
formed nanowires can address high current applications at
present explored with carbon nanotubes. The complexity and
uncertainty of the initial conduction state of these nanowires
means that only general conclusions could be made at this
time; however, it appears that the original theory provides a
proper basis for analysis. Studies on nanowires with identi-
fied doping are now obviously imperative. Mastering this is
also a prerequisite for understanding emission from even
thinner nanowires—say below 20 nm—where confinement
effects exist.
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