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Two different morphologies of nanotextured molybdenum oxide were deposited by thermal
evaporation. By measuring their field emission (FE) properties, an enhancement factor was
extracted. Subsequently, these films were coated with a thin layer of Pt to form Schottky contacts.
The current-voltage (I-V) characteristics showed low magnitude reverse breakdown voltages,
which we attributed to the localized electric field enhancement. An enhancement factor was
obtained from the /-V curves. We will show that the enhancement factor extracted from the /-V
curves is in good agreement with the enhancement factor extracted from the FE measurements.

© 2011 American Institute of Physics. [doi:10.1063/1.3583658]

. INTRODUCTION

Research and development in nanofabrication has pro-
duced many new devices taking advantage of nanodimen-
sional tips and edges with enhanced electric and optical
properties."* In particular, nanostructured metals or metal
oxides with sharp morphologies can adapt the ambient elec-
tric field to produce locally enhanced electric fields in prox-
imity to the sharp tips and edges.>* Such a large localized
field enhancement plays an important role in developing
devices with extraordinary capabilities. Two of these nano-
structured devices are “field emitters” and “Schottky con-
tacts in reverse bias.” Such a field enhancement in nanoscale
devices has also been suggested to be a vital component in
surface enhanced Raman scattering.>®

Metals or metal oxides that can be engineered into nano-
dimensional tips and edges to function as field emitters, can
achieve a higher rate of electron tunneling, and produce high
local current densities.” It is known that the low densities of
states at the sharp edges also cause the emitted electrons to
be highly coherent and mono-energetic,® which can be used
as efficient low energy electron point sources for microscopy
applications.® In addition, the phenomenon can also be incor-
porated in panel display devices and high brightness electron
sources.” The enhanced emission phenomenon is defined by
its “field enhancement factor,” y,, which relates the ambient
and localized electric fields.

In nanostructured Schottky contacts, the current-voltage
(I-V) characteristics considerably differ from the characteris-
tics exhibited by conventional thin film Schottky contacts.'®
Such a difference is more pronounced in the reverse bias
condition than in forward bias, as the contacts have high
breakdown voltages in reverse bias that is not seen in con-
ventional devices.'! We previously showed the extraordinary
capability of such devices in reverse bias for applications
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such as gas sensing. We also extracted equations that
explains the operation of these devices using a “field
enhancement factor,” yschotky-.» Which attributes to the
enhancement of electric field at the surface of nanostructures
such as MoOs and ZnO.*!?

In this paper, we will show the two “field enhancement
factors,” which are obtained from the field emission meas-
urements and Schottky contact /-V characteristics in reverse
bias, are closely related. Extracting the value for the
“enhancement factor” from Schottky contact I-V curves,
rather than field emission measurements, can be advanta-
geous and facile. The field emission measurements are gen-
erally dependent upon the distance at which the emission is
measured. They require applying high magnitudes of voltage
(in the order of kilovolts) and must also be performed under
very low atmospheric pressures, which require expensive
equipment. Such harsh measurement environments can dete-
riorate the morphology of the specimen during the experi-
mentation and result in inaccuracies. Instead, Schottky
contact measurements can be performed in direct contact
with the specimen surface and is free of rigorous conditions.

We measure the field emission generated by MoO;
nanostructured films and calculate the corresponding
enhancement factor y,. For the purpose of this investigation,
MoOj; was chosen as it is a versatile material and can be syn-
thesized in many different morphologies."*'* MoO5 nano-
structures can be easily fabricated with sharp structures,
ideally suited to generate strong localized electric fields.'?
Subsequently, we develop Pt/nanostructured MoO; Schottky
contacts to calculate a different enhancement factor yschottky-a
by curve fitting the Schottky contact /-V equations to the
reverse /-V characteristics. From these measurements, we will
show that the enhancement factor y,, which is extracted in the
field emission measurements, is in good agreement with
YSchottky-a that is extracted from the /-V curves in nanostruc-
tured Schottky contacts.

© 2011 American Institute of Physics
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Il. EXPERIMENTAL

Nanotextured MoO; with two distinctly different mor-
phologies were deposited on SiC substrates using thermal
evaporation (see “supplementary information” for the depo-
sition conditions and characterization of materials'’). The
analysis of the morphology of the *770 °C* MoOj3; nanostruc-
tures revealed randomly orientated nanostructures such as
nanoplatelets with thicknesses up to 500 nm, lengths and
widths from 2 to 3 um and nanoplatelets that are stacked in a
towering formation with side lengths ranging between 150
nm to 1 um and their heights ranging from 1 um to several
um [Fig. 1(a)]. Also the presence of nanowires was observed
with diameters between 25 to 100 nm, and lengths ranging
between 500 nm to 3 um.

The ‘850 °C’ nanostructures consisted of larger, sharper,
and more well defined structures such as nanoplatelets with
dimensions ranging between 1 to 10 um with no presence of
nanowires [Fig. 1(b)]. As the result of elevating the deposi-
tion temperature to 850°C, the growth of the larger struc-
tures was observed that can be attributed to Ostwald ripening
behavior. '®

The most important parameters that reflect the emission
capability of a cold electron source are the turn-on field (E,,)
and the threshold field (E,;,). They are defined as the fields
that extract 10 pA/cm® and 1 mA/cm?, respectively. We
measured the E,;, of 1 mA/cm? as it is usually considered suf-
ficient for practical applications in field emission displays.'’
The current density J-E characteristics of both the samples
“770°C’ and ‘850°C’ are shown in Fig. 2. The plot of In(J/
E?) versus 1/E is shown in the inset of Fig. 2. Field emission
measurements were conducted at room temperature.

From these plots we determined the field emission turn-
on field (E,,) for samples ‘770°C’ and ‘850°C” as 12.4 and
11.1 V/um, respectively. The lower turn-on field exhibited
by the nanostructures in ‘850 °C’ has been attributed to the
sharp and well-defined nanostructures, favorable for produc-
ing low threshold field emission. Nanostructures in ‘770 °C’
had a comparatively rounder and smoother morphologies,
which explains the larger E,, required to induce the same
magnitude of field emission.

Wei et al.'® reported a turn-on field of ~4.3 V/um for
thin MoOj nanoflowers. Similarly, a turn-on field of 13.2 V/
pm was reported by Li er al.* with MoOj nanobelts at 50 ym
spacing and 8.7 V/um at a spacing of 80 um between the

FIG. 1. SEM of the MoO; nanostructures deposited by thermal evaporation
at (a) 770°C and (b) 850 °C.
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FIG. 2. (Color online) Plot of J-E field emission characteristics (inset show-
ing the Ln (J /E?) curves) from the MoOs nanostructures.

anode and the cathode. However, in general, it is difficult to
perform a direct comparison of the turn-on fields as the field
emission properties in literature can vary significantly due to
the fact that measurements were taken at different electrode
interspacings.

According to field emission theory, the J-E characteris-

tic equation is given by'®
6.83 x 10302
exp( - LW

7 1.56 x ygE2
Y E

d

where J is the current density (A/cm?), @ is the work func-
tion of MoO; assumed as 5.68 eV,?® y, is the field enhance-
ment factor, and E is the average local electric field
(V.m™ ") at the emission sites.

As can be seen in Fig. 2(b), a straight line was obtained
in the In(J/E*) curve which implies that the field emission
from these nanostructures follow the Fowler-Nordheim (FN)
equation:'”

303/2
In i _ _6.83 x 10°® o l 2
E? Va E

As defined using the FN theory, the slope of the In(J/E?) ver-
sus 1/E plot determines the enhancement factor ), and the
intercept varies with the effective emission area. By substi-
tuting the assumed work function into Eq. (2), the enhance-
ment factors were calculated as 590 and 750 for the ‘770°C’
and ‘850°C’ samples, respectively. We associate these nu-
merical results to the difference in the surface morphology.
The results indicated that the ‘850°C’ nanostructures pro-
duced a higher field enhancement factor as sharp, well-
defined nanoplatelet structures were present. For compari-
son, a summary of the available literature for field emission
enhancement based on nanotextured MoO; materials is pre-
sented in Table I-S in the supplementary materials.'

In order to calculate the enhancement factor using the
Schottky contact method, the I-V characteristics of Pt/MoO3
nanostructured Schottky contacts were measured (Fig. 3).
The inset in Fig. 3 shows breakdown voltages of —5.77 and
—5.17 V, at a current of —10 pA, for the “770°C’ and
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TABLE I. Comparison of the field enhancement factors.

Field enhancement factor 770°C 850 °C
Measured via field emission 590 750
Curve fitted to the measured /-V characteristics 720 880

‘850°C’ Schottky contacts, respectively. To correlate with
field emission measurements, the -V characteristics were
also obtained at room temperature.

In the region of less than the breakdown threshold (cur-
rent less than —10 pA), the I-V curves of the “700°C’ con-
tacts exhibit a higher voltage than that of the ‘8§50°C’
contacts. Above the breakdown threshold the two curves
reaches a crossover point (at a current of —20 pA) at ~6.6
V. In the region subsequent to the crossover point, the I-V
curves of the ‘850°C’ contacts exhibit a higher voltage than
that of the *700 °C’ contacts.

In a Schottky contact, the forward bias current density is
given by?!

Jr=A Texp[ kT}exp[ T

] ; 3)

where, Jr is the magnitude of the forward current density,
A" is the effective Richardson constant, 7' is the absolute
temperature, ¢ is the charge constant, ¢pq is the barrier
height, and & is the Boltzmann constant. The reverse bias
current density is given by?'

q (d)go —Vqln/ 47T8s)

kT ’

Jr = A¥T? exp (4)

where J is the magnitude of the reverse current density, &,
is the maximum localized electric field, and & is the permit-
tivity of the metal oxide.

For nanostructured materials, the maximum localized
electric field &, is a function of Vi as??
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FIG. 3. (Color online) /-V characteristics of Pt/MoOs nanostructured
Schottky contacts at 25 °C.
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where Yscnoriky-a 18 the enhancement factor, N is the number
of carriers, which is assumed as 10%° cm ™~ for nanotextured
Mo0s,?* Vg is the reverse bias voltage, and y, is the built in
voltage.

Sharp nanostructures can adapt ambient electric fields to
produce localized electric fields and we determined the
enhancement factors by curve fitting Egs. (4) and (5) to the
[-V data measured from the ‘770°C’ and ‘850°C’ contacts,
as shown in Fig. 4. The curve fitting is performed by plotting
Egs. (4) and (5) on the same graph as the measured /-V data.
The parameters: (a) effective Richardson constant, (b) the
number of carriers, and most importantly (c) the enhance-
ment factor were varied individually until the closest fit of
the Eq. (4) could be observed with the measured /-V data.

The curve fitting calculated the enhancement factors for
the respective samples ‘770 °C’ and ‘850°C’ Schottky con-
tacts as 720 and 880, respectively. The curve fitting to the
“770°C’ Schottky contact [-V data is shown in Fig. 4 and
although there are slight differences in the fit at relatively
low and significantly high voltages, it is still quite a good fit.
The curve fitting also correlates well with the /-V data meas-
ured from ‘850°C’ Schottky contact /-V curves as seen in
Fig. 4.

The enhancement factors extracted from the field emis-
sion and Schottky contacts are shown in Table I. It can be
seen that enhancement factors calculated from the Schottky
contact measurements are slightly larger than the field emis-
sion experiments extracted values, which can be attributed to
the overestimation in the curve fitting. Previously the authors
obtained yschotky-a Value of ~1000 by curve fitting to the -V
characteristics for MoO; nanoplatelets with very sharp
edges.”” This can be expected, as the curve fitted enhance-
ment factor from the MoO; structures is larger for the
‘850°C’ sample than the factor for the ‘770 °C’ sample due
to the presence of the sharp corners in the nanostructures
morphology.
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FIG. 4. (Color online) Comparison of theoretical and experimental /-V char-
acteristics of ‘770°C’ and ‘850°C’. Inset shows the /-V curves on a scale
from 0 to — 10 uA.
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As extra information for the readers, the Schottky bar-
rier heights in the forward and reverse bias conditions of the
nanostructured Pt/MoOj; contacts are also calculated and pre-
sented in the supplementary.'”

From the measured /-V characteristics, the magnitude of
the forward Schottky barrier height was calculated as 645
and 640 meV for the 770 and 850 °C nanostructured diodes,
respectively. These are rather large magnitudes, for which
the thermionic emission mechanism is dominant.*** The
magnitude of the reverse bias barrier height was calculated
as 698 and 650 meV for the same two nanostructured diodes.
As described previously, when an external field is applied
across the Pt/MoOj3 nanostructured diodes, the MoO5 adapts
the ambient field to produce localized electric fields. As
these extremely strong localized electric field forces are pres-
ent, they push the electrons over the barrier. This may be
described as a virtual lowering of the reverse Schottky bar-
rier height. However, the actual barrier height does not
change to induce thermionic emission. Therefore, the tunnel-
ing contribution to the electron transport still exists and the
electric field also contributes to it further by strengthening it
due to this strong electric force.

lll. CONCLUSION

In conclusion, we devised a method of extracting the
enhancement factor for field emission of a nanostructured
film by using reversed bias /-V characteristics of nanostruc-
tured Schottky contacts, which was built on the same film.
The enhancement factor measured from the nanostructured
MoO; Schottky contacts formed at 770 °C and 850 °C were
calculated as 720 and 880, respectively. The corresponding
values from the field emission measurements were 590 and
750, respectively, which show that the enhancement factors
obtained using the two different methods were in good
agreements. Although the /-V curve fitting technique is an
approximation, it is proved to be a quick and simple method
in determining the enhancement factor, which can be
applied in assessing the performance of field emission
devices.

J. Appl. Phys. 109, 114316 (2011)
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