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F
ield emission properties of nanostruc-
tured ZnO have been investigated
during the past decade by several re-

searchers signifying compatibility and use-

fulness of this material as cold cathodes in

flat panel displays and in vacuum micro-

electronic devices.1�10 Despite being a wide

band gap semiconductor, the analysis of

the field emission properties and field emis-

sion mechanism has not been subjected to

a particular model of calculations and has

not been based on systematic compari-

son with the theoretical predictions. Re-

sults were explained through a general

match/deviation of current�voltage

(I�V) characteristics from the

Fowler�Nordheim (FN) plot for metals.

A careful investigation of the previous re-

ports indicates that the experimental

conditions and the dimensions of

nanostructures affect the results

profoundly.1,3,4,7,8 In most of the earlier stud-

ies, the field emission characteristics were

investigated in close proximity configura-

tion, wherein the anode�cathode separa-

tion is less than 1 mm. Such a configuration

poses a limitation on the strength of the ap-

plied electric field, as a relatively higher

field value may lead to an arc formation. In

such a configuration, the experimental FN

plots are observed (fitted) to be linear. On

the other hand, when experiments are per-

formed in the conventional geometry of

field emission microscopy, experimental FN

plots exhibit a deviation from linearity, par-

ticularly in the high-field region.

For ZnO tetrapod-like structures depos-

ited on a nickel substrate by the screen

printing method, Wan et al. had investi-

gated the field emission properties.2 They

described the FN plot behavior to be linear

(metallic) despite that a clear deviation from

linearity could be assigned. Recently, an ex-
perimental nonlinear characteristic of the
FN plot has been reported for total current
measurements of field emitted electrons
from an isolated pod of ZnO tetrapod struc-
ture prepared by vapor deposition pro-
cess.8 The experimental results were ana-
lyzed as per the FN theory of metallic
emitter.11,12 For semiconducting emitters
various effects such as the contribution of
the effective electron mass and the work
function dependence upon applied electro-
static field, limited generation rate of cur-
rent carriers in p-type and lightly doped
n-type semiconductors, and contribution
of thermionic emission in low-field condi-
tion and surface states lead to nonlinear be-
havior of the FN plot. Rihon has done pio-
neering work on field emission mechanism
and total energy distribution (TED) of field
emitted electrons from a ZnO microtip.13�16

Nevertheless, the experimental observa-
tions and the theoretical models have yet
to offer a fitting explanation of the field
emission mechanism in the context of a
ZnO tetrapod structure. In this paper field
emission probe�hole measurement of I�V
characteristics is presented for a single tet-
rapod structure of ZnO. Deviation from lin-
ear behavior is observed in the FN plot and
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ABSTRACT Field emission measurements of current�voltage characteristics are reported for tetrapod

structures of ZnO. The nonlinear Fowler�Nordheim (FN) plot is analyzed according to a model of calculation

based on saturation of conduction band current and predominance of valence band current at high-field values.

The simulated FN plot exhibits similar features to those observed experimentally. The model of calculation

suggests that the slope variation of the FN plot, in the high-field and low-field regions, does not depend on the

magnitude of saturation. Instead, it is a characteristic of the energy band structure and voltage-to-barrier-field

conversion factor of the emitting material.
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is analyzed semiquantitatively using a model of calcula-
tion. It is shown that the nonlinear behavior is repro-
duced in the simulated FN plot due to the assumption
of the conduction band current saturation at high-field
values. Beside its consistence with the results, assump-
tions and conclusions obtained in the previous report of
the TED measurements from the same batch of speci-
mens, the present analysis is important for understand-
ing of the field emission mechanism in ZnO nanostruc-
tures in particular and in structurally similar
semiconducting emitters.17 The simulated FN plot, pro-
duced from the calculation, exhibits similar features to
those observed experimentally. The slope variation of
the FN curve in the two regions of high and low fields
is found to be independent of the saturation value. It is
rather a characteristic of the energy gap and voltage-to-
barrier-field conversion factor of the emitting material.

RESULTS AND DISCUSSION
The SEM image of the ZnO tetrapod structures

mounted on the W tip is shown as an inset (a) in Fig-
ure 1. The image clearly reveals the presence of ran-
domly oriented tetrapod structures on the W tip sur-
face. The tetrapod structures possess lengths of few
tens of micrometer with apex radii less than 200 nm
(estimated from the magnified image which is not
shown here for low quality). Before carrying out the
measurements a high voltage was applied (4�5 kV),
and the field emission pattern was observed on the an-
ode screen (see inset (b) of Figure 1). The sample holder
was then mechanically manipulated to bring a single
lobe over the probe�hole of the analyzer. Optimiza-
tion of the sample position has been discussed earlier.17

Three different lobes, referring to emission from three
individual pods of tetrapod structures, have been inves-
tigated. The probe�hole I�V plot of field emitted elec-
trons from single pod of individual tetrapod structure
is depicted in Figure 1. During the I�V measurement,

the lens-to-anode voltage ratio (VL/VA � 0.004) was
kept constant, the emitter was biased with �15 V with
respect to the ground, and the collector current was
measured for each anode voltage. The I�V characteris-
tics exhibited an exponential-like behavior which was
found to be reproducible for all investigated specimens.

Figure 2, the corresponding FN plot of the present
I�V characteristics, shows a clear deviation from linear-
ity at the high range of the applied voltages signifying
the semiconducting nature of the ZnO emitter. The en-
tire FN plot can be sectioned into three regions, two re-
gions of linear behavior separated by a third (interme-
diate) region of lower slope as in the figure. This
behavior of the FN plot was observed to be reproduc-
ible for all the ZnO tetrapod structures (belonging to
the same synthesized batch). As stated earlier, Wan et
al. also observed similar behavior of the FN plot for
tetrapod-like structures despite the fact that they as-
signed the FN plot variation to be linear.2 The slopes of
the two linear sections, corresponding to low- and high-
field regions were calculated from the least-squares fit
to be �1.67 and �2.8, respectively. Assuming an aver-
age work function (Heff) of the ZnO to be 5.3 eV, which is
independent of the size and the aspect ratio of the tet-
rapod structure, the voltage-to-barrier-field conversion
factor (�) from the following equation18

is calculated to be 2.1778 � 106 m�1. This value is esti-
mated by considering the slope of the linear section at
low-field value which is claimed to be FN effective.19 As-
suming hemispherical geometry of the apex, the pod
apex radius was estimated to be 91 nm. This value was
calculated using � � 1/(� r) (where � is the observed
value and � � 5 for hemispherical geometry). Similarly,

Figure 1. The probe�hole, I�V characteristics of a single
pod of ZnO tetrapod structure at room temperature. Inset:
(a) SEM image of ZnO tetrapod structures mounted on a
tungsten microtip with the help of UHV compatible silver
paste. (b) Field emission pattern; individual lobe is due to
emission from a single pod.

Figure 2. The probe�hole FN plot of field emitted electrons
from a single pod of ZnO tetrapod structure. The figure
shows clear deviation from linearity of FN plot at higher ap-
plied voltages, signifying the semiconducting nature of the
ZnO.
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the radius obtained from an iterative method was

found to be 102 nm at s(y) � 0.917 and 3 kV applied

voltage.20 The estimated effective barrier height corre-

sponding to the high-field region, using the same � fac-

tor (of low-field region), was found to be 7.64 eV. It indi-

cates that the electrons originate from band(s) of about

2.34 eV below the conduction band minimum and con-

tribute to the total emission current. The valence band

maximum of the bulk ZnO lies 3.37 eV below the con-

duction band minimum subjected to the absence of the

external electric field. The TEDs, measured for the same

batch of specimen showed that emission from the va-

lence band is possible due to intensification of the field

at the pod apex of the tetrapod structure. Then, the un-

derestimated value of the band gap energy (�2.34 eV)

may be attributed to various effects such as field pen-

etration and band bending effects along with the lens

effect of the probe�hole. It is true that the FN plot does

not resolve the fine structure of the energy distribu-

tion of the field emitted electrons, but it describes

rather well the emission current dependence on the ap-

plied field and the work function of the emitter. Follow-

ing therefore, is an attempt to explain the field emis-

sion mechanism on the basis of the TEDs and the

corresponding FN plots of the field emitted electrons.

NONLINEAR CHARACTERISTIC OF FN PLOT
A model calculation of the total emission current is

obtained based on fundamental electron tunneling

through a deformed surface potential barrier from typi-

cal band structure of bulk ZnO. TEDs of field emitted

electrons suggest that the electrons originate from

both the conduction band (CB) as well as the valence

band (VB) with an energy separation equivalent to the

band gap (Eg) of the bulk ZnO.17 It is assumed that the

distributions of the charge carriers in the two regions

satisfy Fermi�Dirac (FD) statistics; therefore for the CB,

emission usually comes from the degenerate energy

band.14 Similarly, for the VB, FD statistics is justified by

the higher density of states than that of the CB.21 In an

approximation, the field emission from the CB and the

VB is described by the standard FN equation with

proper choice of the effective barrier height (Heff) in

the two regions Heff � HCB and Heff � HVB � HCB � Eg, re-

spectively. Here, HCB and HVB refer to the energies of

the conduction band minimum (CBM) and valence

band maximum (VBM) measured with respect to the

vacuum level, and Eg is the band gap energy. There-

fore, the emission current from the two regions is

treated according to the FN model, and emitted elec-

trons are automatically replenished by other electrons

from the interior of the substrate. The contribution of

the surface states will be discussed in the end of this re-

port. The total emission current Itotal is the algebraic

sum of the CB and VB currents (i.e., ICB and IVB,

respectively):22

where ICB and IVB are given by the FN equation:

a � e3/(8�h) � 1.54 � 10�6 (A eV V�2), b � 4(2m)1/2/
(3	e) � 6.83 (eV�3/2 V nm�1), and A is the emitting area.
F is the electric field strength given as F � �V (where V
is the applied voltage in volt and � is the voltage-to-
barrier-field conversion factor in m�1); t(y) is a slowly
varying function and 
(y) is a correction function due
to image force approximation (Schottky�Nordheim
barrier function).

Figure 3 shows the simulated I�V characteristic of
field emitted electrons from the CB and VB obtained
by substituting � as 2.1778 � 106 m�1(experimentally
estimated). The functions t(y) and 
(y) were determined
algebraically from the standard formulas. The emitting
area (A) was estimated as A � 2� r2 where r is the radius
of the single ZnO pod apex (91 nm). The correspond-
ing FN plot of the total emission current is shown in the
inset of Figure 3 which exhibits a linear characteristic.
It is clear that the CB current predominates allover the
range of the applied voltages which is obviously due to
higher probability of barrier penetration at CB level
(i.e., VB electrons tunnel from energy level 3.37 eV be-
low CB minimum). However, the FN plot shows no de-
viation from linearity, even at high values of applied
fields. This is due to the exponential characteristic de-
pendence of the current on the applied electric field,
which is a result of the internal distribution function of
the electrons (FD) assumed for both CB and VB. Numer-
ical determination of the total emission current shows
that CB current is at least 1 order of magnitude higher
than the VB current at high applied voltages.

To shed more light on the experimentally observed
nonlinear characteristic of the FN plot, it is attempted
to consider the work of Baskin et al. regarding electron

Itotal ) ICB + IVB (2)

ICB,VB ) aF2A

Hefft
2(y)

exp[-υ(y)bHeff
3/2

F ] (3)

Figure 3. I�V characteristics of field emitted electrons from
conduction and valence bands. Inset: FN plot of the total
emission current.
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emission from the CB.14 Baskin et al. have theoretically

analyzed the field emission behavior of an n-type semi-

conductor based on field emission from CB only. The

authors have concluded that the CB current acquires

saturation at high-field values, which has been attrib-

uted to a limited generation rate of the current carriers

inside the semiconductor. On the basis of the above

conclusion and thereby imposing a saturation value of

the CB current, we have obtained the I�V characteris-

tics (Figure 4) as per eqs 2 and 3 using the same set of

parameters defined in the previous paragraph. The con-

dition of the CB current saturation implies the VB cur-

rent to be predominant at all field values higher than

that at which the CB current acquires saturation. Inter-

estingly, the FN plot does not remain linear and shows

an onset of deviation exactly at a point corresponding

to saturation of the CB current (see inset of Figure 4,

solid curve). The slope of the FN plot reduces over a

short-range of field values until the VB current ap-

proaches the CB current saturation value and then in-

creases as the VB current becomes considerably higher

than the CB current. This behavior resembles that of the

experimental FN plot. The inset of Figure 4 shows a fit

(solid line) of the experimental data (circles). The over-

all behavior of the FN plot exhibits an increase in the

slope with the field value. The region, where the slope

reduces, results from the imposed constraint of satura-

tion of the CB current. The mode/trend with which the

CB current acquires saturation is found to control the

slope and shape of the intermediate region. The volt-

age value at which the CB saturates is deduced from

Figure 2 (where the FN plot exhibits an onset of devia-

tion from the linearity) and is taken to be 3.3 kV. It was

possible to test various schemes of saturation so that a

best fit of the numerical results with the experimental

observations could be obtained. It is necessary to men-

tion that the fit of the experimental curves is achieved

after multiplying the total emission current by a fitting

coefficient which arises from the fact that the collector

current is a portion of the total emitted current due to
the aperture effect of the probe�hole.

The comparison of FN plots of Figure 3 and Figure
4 emphasizes that only the assumption of CB current
saturation is sufficient to justify the nonlinear behavior
of the FN plot. The present model of calculation shows
that the saturation value, imposed upon CB current, has
no effect on the slope values in the low- and the high-
fields regions. By changing the value of the saturation,
the intermediate region of the FN plot shifts in position
while the high- and the low-fields regions maintain
their slope values. In addition, the assumption of the
CB current saturation in the case of a semiconducting
emitter is found to minimize the overestimation of the
total emission current calculated for such an emitter ac-
cording to the FN theory. This is because the total emis-
sion current is very sensitive to the contribution of the
CB current, and any range/order of magnitude of the to-
tal current could be achieved by manipulating the CB
current saturation. This justifies the differences in the
ranges of Figures 3 and 4, because only due to the as-
sumption of the CB saturation is a graph (Figure 4) in
the same order of the emission current reproduced. It
is difficult to estimate the aperture effect of the
probe�hole due to the presence of other emitting
pods. However, the fitting coefficient could provide us
with an approximate value of the aperturing ratio,
which was found to be �7. The saturation value could
be regarded as a key parameter in adjusting the total
emission current. Table 1 shows an estimation of the
contribution of the CB and the VB to the total emis-
sion current. The present analysis provides a strong jus-
tification for the comparable heights of the TED peaks
(CB and VB peaks) reported earlier for the same speci-
mens of the ZnO tetrapod structure.17 Considering the
experimental value of the � factor, the slope variation
(slope ratio of the high-to-low fields regions) obtained
from the present calculations is equal to 1.53, indepen-
dent of the � value and correct within 8% with respect
to the experimental ratio. However, the model calcula-
tion produces slightly higher values of the slopes in the
low-field and the high-field regions. It is obviously true
that the assumption of the CB current saturation may
be justified with other certain effects (besides the lim-
ited generation rate of current carriers of Baskin et al.)
and their influence on the final formulas, such as the

Figure 4. The fitting of the experimental probe�hole I�V
characteristics and corresponding FN plot considering the
assumption of (Baskin et al.) of the CB current saturation.

TABLE 1. Numerical Values of CB, VB, and Total Emission
Currents of ZnO Semiconductor Calculated for � Factor of
2.1778 � 106 m�1

voltage (V) ICB (A) IVB (A) Itotal (A)

3750 4.04 � 10�10 1.99 � 10�12 4.06 � 10�10

4000 5.25 � 10�10 2.65 � 10�11 5.52 � 10�10

4500 6.76 � 10�10 9.33 � 10�10 1.61 � 10�09

5000 7.81 � 10�10 1.63 � 10�08 1.71 � 10�08

5500 8.58 � 10�10 1.70 � 10�07 1.71 � 10�07

6000 9.17 � 10�10 1.21 � 10�06 1.21 � 10�06A
RT
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real internal distribution function and the density of oc-

cupied states which are different than that presently

considered, despite being absent in the present

analysis.

Regarding the contribution of the surface states to

emission current and emission mechanism, Girard et al.

(1997) studied the electronic structure of the (0001) sur-

face of ZnO by angle-resolved photoelectron spectros-

copy.23 They recorded normal and off-normal emission

spectra which gave valuable information about bulk

and surface states, as well as the Zn 3d states. Two sur-

face states were measured. One at 7.5 eV, which was

predicted by theory and interpreted as arising from the

backbonding of the Zn 4s�O2p mixed bulk states.24,25

The other states are at 4.5 eV below Fermi level, which

was not predicted theoretically but related to Zn

4p�O2p states. The Zn 3d states/electrons were either

considered as core levels (some 7.5 eV below the VB

maximum) or as part of the VB.24,25 On the basis of these

findings and the present analysis, the contribution of

the surface states is not expected to be observed sepa-

rately in the TEDs, though it will affect the FN plot be-
havior of the I�V characteristics. This may further jus-
tify the comparable heights of the two peaks in the
TEDs, as emission from energy levels related to surface
states may contribute to VB current.

CONCLUSIONS
Experimental probe�hole I�V characteristics of

field emission from single tetrapods structures of ZnO
have been reported. The nonlinearity of the FN plot and
the mechanism of field emission have been explained
by implementing a model calculation based on the
saturation of the conduction band current and pre-
dominance of valence band current at high-field val-
ues. The model calculation is important for the funda-
mental understanding of the field emission mechanism
in semiconducting ZnO. The simulated FN plots exhibit
similar features to those observed experimentally. The
model calculation suggests that the nonlinearity of the
FN plot is a characteristic of the energy band structure
and voltage-to-barrier-field conversion factor of the
emitting material.

METHODS
ZnO tetrapod structures have been synthesized by the va-

por deposition process, as described earlier.8 A few structures
were carefully mounted on a blunt tungsten (W) microtip with
the help of vacuum compatible silver paste. The morphology of
the tetrapod structures mounted on the blunt W tip was investi-
gated using scanning electron microscope (SEM), JEOL6360A.
The SEM images were recorded with an accelerating voltage of
�20 kV and filament current of �60 �A. The probe�hole field
emission studies were carried out in an all-metal chamber at a
base pressure of 1 � 10�9 mbar. The mounting procedure of the
specimen holder, the processing of ultrahigh vacuum in the ex-
periment chamber, and the cleaning procedure of the specimen
were mentioned earlier.17 An indigenously fabricated
probe�hole retarding field energy analyzer, similar to that de-
scribed by Van Oostrom, was used for the measurements.18 The
design geometry of the analyzer provides us with the possibility
of utilizing the probe�hole in obtaining the I�V characteristics
by measuring the collector current versus the extracting voltage
at constant operational conditions of lens to anode voltage ratio
and constant emitter bias. The probe�hole is a 1 mm aperture
made in the center of the anode of the analyzer to help measure
the field emission characteristics from a very confined area of
the emitter, and this setup assures the individuality of the elec-
trons (i.e., emitted from a single pod) once measurements are
taken from a single lobe of the emission pattern. A similar setup
has been used in investigating field emission characteristics of
carbon nanotubes whenever isolation of a single nanotube was
practically difficult and a consistent interpretation of results was
reported to be possible.26
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