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ecently, a number of studies have

been performed on the growth and

the field emission properties of one-
dimensional (1D) ZnO nanostructures,’ '3
with one interest in exploiting their possible
application in vacuum  micro/nano-
electronics’ ~* and another in understand-
ing the underlying physical processes
involved.®~ " Already, efforts have been de-
voted to investigating effects on field emis-
sion of the density,® the geometrical
structure,” ® the surface electrical poten-
tial barrier,'® and the n-type doping'" of
ZnO nanowires/nanorods. Most of the mea-
surements performed so far used ZnO
nanostructure films, and thus the results
represent the collective behaviors of the
field emitter arrays. Only a few studies'*~'®
were done on individual single ZnO field
emitters. For example, Ramgir et al.'* mea-
sured the current—voltage (/I—V) behavior
and work function of the multipod ZnO
nanostructures. Yeong et al.® studied the
effects of O, and H, exposures and ultravio-
let illumination on the field emission prop-
erties of individual ZnO nanoemitters.
Huang et al."® reported the dependence of
the field enhancement factor on the dis-
tance between the nanostructure tip and
its counteranode. However, there is an im-
portant physical factor that has not been in-
vestigated, that is, the effect of the resis-
tance/conductivity of an individual ZnO
emitter on its field emission performance.
The resistance of the emitter governs the
supply of the emitted electron. In addition,
due to joule heating, an emitter with large
resistance may be more liable to initiating a
vacuum breakdown. Therefore, it is an is-
sue of significant scientific and technologi-
cal importance for exploring the correlation
between the resistance and the field emis-
sion performance of the individual 1D ZnO
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ABSTRACT Both electrical and field emission measurements were carried out to study the correlation between

resistance and field emission performance of individual one-dimensional (1D) ZnO nanostructures. Three types of

1D Zn0 nanostructures were investigated (i.e., agave-like shape, pencil-like shape, and hierarchical structure) and

were prepared by thermal chemical vapor transport and condensation without using any catalyst. The 1D Zn0

nanostructures have obvious differences in resistance and thus conductivity from type to type. In addition, in the

same type of 1D Zn0 nanostructure, each individual emitter may also have variation in resistance and thus in

conductivity. The field emission performance of the Zn0 emitters was found to be strongly correlated with the

resistance of each individual Zn0 nanostructure: (i) a Zn0 emitter with low resistance will have better emission;

(ii) a high resistance region in a Zn0 nanostructure is liable to the initiation of a vacuum breakdown event. The

results indicate that, besides the uniformity in the geometrical structure, the uniformity in conductivity of the

emitters in an array should be ensured, in order to meet the requirement of device application.

KEYWORDS: single ZnO nanostructure - field emission -

probe - resistance - vacuum breakdown

nanostructures. The knowledge will be use-
ful for the development of a ZnO
nanostructure-based cathode for high per-
formance vacuum micro/nanoelectronic
devices.

RESULTS AND DISCUSSION

The 1D ZnO nanostructures studied are
agave-like structures, pencil-like structures,
and hierarchical structures.”'”~"® Figure 1
gives the typical scanning electron micros-
copy (SEM, Raith e-line) images of the 1D
nanostructures and their corresponding
geometrical models. In SEM investigations,
it was found that (i) the agave-like structure
is in tip shape; (ii) the hierarchical structure
consist of two parts: a nanowire on the top
of a microcolumn; (i) the pencil-like struc-
ture has the trunk with a tip on top. The im-
ages obtained using high-resolution trans-
mission electron microscope (HRTEM, FEI
Technai F30) (Figure 2) show that the nano-
structures are well crystallized and the
growth directions are the same, that is,
along the [0001] direction. It is believed
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Figure 1. Typical SEM images and the corresponding geo-
metrical models of the 1D nanostructures: (a) agave-like
structure, r; and r, are the radius of the tip and the bottom,
respectively, h, is the length; (b) hierarchical structure, r, is
the radius of the nanowire and r, is the radius of the micro-
column, h, and h,, are the length of each part; (c) pencil-like
structure, r, and r, are the radius of the tip and the bottom of
the trunk, r; is the radius of the microcolumn, h, and h, are
the length of each part.

that the 1D nanostructures were formed due to the im-
miscible effect between the ZnO and a-C film. The ZnO
concentration of the growth ambience was expected
to play a crucial role in the shape controlling.'® Pres-
ently, it is still not yet possible to control the diameter
based on our current catalyst-free method.

Five individual 1D ZnO nanostructures for each
type were studied. Their geometrical parameters are
listed in Table I. Figure 3 shows the typical /—V curves
from the contact electrical measurements of three types
of 1D nanostructure. They show distinct /—V character-
istics. (i) Linear /—V and large values of current between
3.27 and 552 nA were obtained from four of the agave-
like structures (Figure 3a). (ii) Four hierarchical struc-
tures exhibit nonlinear /—V characteristics with small
values of current between 60 pA and 2.7 nA (Figure 3b).
(iii) Very small values of current of <20 pA were re-
corded from the pencil-like structures (Figure 3c), ex-
cept one with a current of 3.9 nA. The resistance of the
1D ZnO nanostructures can be estimated from the -V
curves,>>?" which are given in Table I. Generally, the
three types of 1D ZnO nanostructures have obvious dif-
ferences in resistance. In addition, in the same type of
1D ZnO nanostructure, though the resistances values
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Figure 2. Typical HRTEM images of the apex regions of the
1D nanostructures: (a and b) the agave-like structure; (c and
d) the hierarchical structure, (e and f) the pencil-like
structure.

are varied, they have fallen in a relative narrow range
as compared to that between different types of
nanostructures.

Field emission measurements were carried out after
the resistance measurements. The anode—cathode
separation was adjusted to be ~2 pum. It was found
that the field emission properties of various types of
ZnO 1D nanostructures are distinctly different. For all
the pencil-like nanostructures tested, no discernible
field emission current was observed even when the ap-
plied voltage was increased to a very high value of 500
V (corresponding to an electric field of 250 MV/m). SEM
observation found that the nanostructures were bro-
ken after the field emission measurement (Figure 4b).
For both the agave-like and the hierarchical nanostruc-
tures, field emission currents were recorded from those
with relative lower resistance (i.e., No. 1 to 4 nanostruc-
tures for the agave-like and the hierarchical). The typi-
cal field emission current—voltage (/—V) curves are
given in Figure 5a,b. The corresponding
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TABLE I. Parameters Used for the Simulations and the Values of Electric Field Intensities Obtained (the parameters of h,,

h,, ry, ry, and r; are corresponding to the model given in Figure 1)

nanostructures r, (nm) ry (nm) r3 (nm)
agave-like No.1 20 250 —
No.2 66 345 —
No.3 100 290 —
No.4 67 675 —
No.5 61 205 —
hierarchical No.1 33 40 106
No.2 29.5 41 91.8
No.3 22 45 88.7
No.4 48 61 96.5
No.5 59.5 65 121
pencil-like No.1 56 103 344
No.2 62 156 312
No.3 65.5 258.5 490
No.4 72 133 4445
No.5 68 218.5 407.5

Folwer—Norheim (F—N) plots are indicated as insets. A
threshold voltage (V,,,, a voltage needed for obtaining
an emission current of 50 nA) is defined for evaluating
the field emission performance of the emitters. The V,,
values are also listed in Table I. In addition, it was found
that no field emission was detected from the nanostruc-
tures with very high resistance (i.e., No. 5 nanostruc-
ture for the agave-like and the hierarchical). For these
two nanostructures, vacuum breakdown phenomenon
(Figure 4d,f) was observed. These breakdown events
were catastrophic. Moreover, for exploring the limita-
tion in the maximum emission current of the individual
ZnO emitters (No. 1 to 4 nanostructures for the agave-
like and the hierarchical), the applied voltages were
gradually increased until the emitters failed. This fail-
ure was identified by a sudden vanish in emission cur-
rent. In situ SEM observation revealed that the agave-
like emitters were shortened (Figure 6b). However, the
hierarchical emitters were completely destroyed (Fig-
ure 6d).

The inhomogeneity in field emission properties of
the 1D emitters may result from several possible ori-
gins, for example, the surface work function, the electri-
cal field intensity at emitter apex (E,,.,), and the resis-
tance of the emitter. By considering the fact that the
ZnO 1D nanostructures are well crystallized (Figure 2),
their surface work functions may be similar.>* Therefore,
we propose the following discussions for understand-
ing the physical origins of our experimental observa-
tions, mainly on the effects of E ., and the resistance.

For the nanostructures we studied, their geometri-
cal parameters (i.e., the height, the diameter, and the
apex curvature radius) are varied. It is well-known that
the aspect ratio of the emitters may affect the field in-
tensity on the emitting surface. Thus, numerical simula-
tions were carried out to calculate the £, for each
type of 1D ZnO nanostructures. A computer code of
“Quickfield” (version 5.0)>*> was employed. The model
set up for the simulation is a point (anode probe)-to-
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Figure 3. Typical /—V curves of the agave-like (a), the hierar-

chical (b), and the pencil-like structures (c) in electrical

measurement.
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Figure 4. SEM images showing the morphology change of the high-resistance 1D
ZnO nanostructures before and after the measurements: (a and b) the pencil-like;

(c and d) the agave-like; (e and f) the hierarchical structures.

point (individual 1D ZnO nanostructure) configuration.
The simulation is based on Poisson’s equation for scalar
electric potential U (E = —gradU, where E is the elec-
tric field intensity vector):

aU\ _

9 aU) 8(825——9 0

arlrar) oz
where ¢, and &, are the electrical permittivity of the ZnO
along the r and z axis, respectively, and p is the electric
charge density. In the simulations, the following param-
eters were used (i.e, the radius of curvature of the anode
probe R = 1.5 um, the electrical permittivity of ZnO and Si
substrate are 7.9%* and 11.8,>* respectively). The anode
emitter separation is 2 um. The models representing the
1D ZnO nanostructures were defined as those seen in Fig-
ure 1. The parameters are given in Table | for those of
the emitters tested. Typical E, ., values under a bias of
100V are also given in Table I. Clearly, the E, ., values are
varied. Typically, the emitters with higher aspect ratio
have larger E, ., values. From the experimental results,
we plotted two curves in Figure 7b, showing how the
emission current (Ig) at a same E, ., of 1.29 X 10° MV/m
is related to the R values. Though the E,__, is the same,
the I is varied greatly. Clearly, the changing behavior of

apex
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Ie and R is reversed, implying that the resistance
governs the emission of the 1D nanostructures.

Indeed, the resistance obtained in our mea-
surements may be contributed to three parts, the
contact junction between the Si substrate and the
ZnO nanostructure (Rg;_,,0), the body of the
ZnO nanostructure (Ry,.4,), and the contact resis-
tance between ZnO—W (R,,o_)- However, no
significant Rz,,o_y is expected to exist in our mea-
surements. Namely, the ZnO—W contact may
well be of an ohmic type, as reported by Liu et
al.?® Therefore, the resistance difference may
come from Rg; 7,6 OF R0y FOI the present study,
the junction of the 1D nanostructure and Si sub-
strate is actually a Si/a-C/ZnO sandwich joint."”
The existence of a-C between the Si and ZnO may
lower the Schottky barrier at the joint. Panels a
and b of Figure 8, respectively, give the band dia-
grams of the Si/ZnO and Si/a-C/ZnO interfaces for
illustrating the possible mechanism. Since the Si
wafer we used is heavily n-doped, we treated it as
a metallic substrate with a work function of 4.3
eV.2* According to ref 22, the work function of
ZnO is ~5.2 eV. In general, the Schottky barrier at
the Si/ZnO (metallic—semiconductor) interface
has a finite height (i.e., 1.7 eV; Figure 8a). With a-C
addition, which has a band gap of ~1.55 eV,?®
the electrons at the Femi level (E;) of the metallic
substrate may see a relatively low potential (0.9
eV). After injecting into the a-C film, electrons may
transport and finally arrivie at the a-C/ZnO inter-
face. At this interface, the potential barrier height may
be estimated to be 0.9 eV (band gap of ZnO = 3.37
eV?”). Under this consideration, the relative high poten-
tial barrier at the Si/ZnO interface was “disported” into
two relative low barriers. The electron tunneling effi-
ciency can be significantly enhanced. Thus, it is reason-
able to propose that the resistance difference may
mainly be due to the difference in R,

Rboay is determined by both geometrical shape and
resistivity. Some recent works have demonstrated that
the conductance of ZnO may be dominated by the con-
duction of surface layer (typically 5—25 nm in thick-
ness).?® We, thus, assume that this effect plays a major
role in the conductivity of the ZnO 1D structure. Deriva-
tions were carried out for calculating the conductivity
of each type of the nanostructures based on the mod-
els schematically illustrated in Figure 1. In Figure 1a, r—x
coordinates were set up, where r and x represent the ra-
dius and the length of the nanostructure, respectively.
Thus, we take the surface conduction shell with an in-
ner and outer radius of r(x) and r(x) + t, respectively.
Here t is the thickness of the surface conduction layer.
On the basis of this assumption and further assuming
the conductivity of the nanostructure is uniform along
the surface, the conductivity is given by

www.acsnano.org
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where R is the resistance of the nanostructure, o is the
conductivity, and / is the length of the nanostructure.

For the agave-like structure (Figure 1a), the conduc-
tivity o, can be obtained from eq 2

o= h, n 2r,—t 3)
@ 2tR(r,—r)m \2r,—t

where the parameters of r,, r,, and h, are correspond-
ing to the model given in Figure 1a, R, is the measured
resistance of agave-like structure; t is the thickness of
the surface conduction layer.

Similarly, for the hierarchical structure, the conduc-
tivity o}, can be expressed as

P L N @)
R\tm(2r, —t)  tm(2r,— 1)

where the parameters of h,, h,, r,, and r, are corre-
sponding to the model given in Figure 1b. According
to Figure 1¢, the pencil-like structure can be assumed
to be the combination of the hierarchical structure and
the agave-like structure. Thus, its surface conductivity
can be expressed as

1 h, | 2r,—t N h,
o= R\2t(r,— r)m Nar,—t) " tn2r,— 0 ©)

Then, we calculated the conductivity (o) values using
the resistance values and the dimensional parameters
measured for each individual nanostructure by SEM
(Table I). The results of the calculation are listed in Table
II. They reveal that the conductivity of the nanostruc-
ture is rather different, which may be caused by the sur-
face defect density. Generally, the ZnO surface is rich
in defect, predominantly oxygen vacancy. These defects
will contribute to the scattering and trapping of charge
carriers and thus affect the conductivity.®>°

From the results presented above, it is obvious
that the nanostructures with lower resistance and
thus higher conductivity have better field emission
performance, that is, having lower turn-on and
threshold field for electron emission. This is be-
cause they have a better supply of electrons to the
emitting surface. On the other hand, the nanostruc-
ture having low conductivity seems to act like an in-
sulator, so that they may have an electrical break-
down event before stable emission current may be
observed. This principle is specifically applicable to
those nanostructures with very high resistance (i.e.,
the pencil-like nanostructures, No. 5 nanostructure
of the agave-like and the hierarchical structures),
and no emission current was detected. The high-
resistance ZnO nanostructures act as a dielectric, and
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Figure 5. Typical field emission /—V curves of the agave-like (a)

and the hierarchical structures (b). Insets are the corresponding
F—N curves.

an electrical breakdown®° may be induced by the
high electric fields (i.e., 250 MV/m applied in the
measurements). Typically, the breakdown may cause
an arcing, so that holes can be observed near the
broken nanostructure (arrowed in the Figure 4b,d,f).
The duration of the electrical breakdown is too short
(~108s), so that it was not detected by our test sys-

Figure 6. SEM images showing the morphology change of the 1D ZnO
nanostructures before and after the maximum field emission current
tests: (a and b) the agave-like; (c and d) the hierarchical structures.
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Figure 7. (a) Typical field emission /I—E curves of the agave-like
(dashed line) and the hierarchical structures (solid line); (b) varia-
tion of emission current (at a same E,, of 1.29 X 10> MV/m)
and R values for the emitters. A dashed line was used to sepa-
rate the curves of the agave and the hierarchical structures.

tem. In addition, the variation of resistance in a
single emitting nanostructure may lead to different
initiation behavior of a vacuum breakdown event.
According to Xu et al.,*’ the field emission induced
breakdown is initiated by the creation of ionizable
medium. The medium is derived from localized melt-
ing or vaporization source, here from a specific re-
gion in a single emitting nanostructure. This is be-
cause the local joule heating Q = I?R (where I is
equal to the emission current and R the local resis-
tor) plays an important role in this process. A
vacuum breakdown event may be initiated by melt-
ing or vaporization at the local positions, where they

(a)

Conduction Band

ZnO

Si

Figure 8. Band diagrams of the Si/ZnO (a) and Si/a-C/ZnO
(b) interfaces.
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TABLE II. Calculated Conductivity for the 1D ZnO
Nanostructures

nanostructures conductivity (" "m™")

agave-like No.1 337 X 10°
No.2 150 X 10°
No.3 174 X 10°
No.4 7.13
No.5 1.66 X102
hierarchical No.1 2.57
No.2 1.86
No.3 0.348
No.4 8.79 X102
No.5 175 X103
pencil-like No.1 4.23
No.2 144 X102
No.3 6.02 X103
No.4 44) X101
No.5 504 X10°

have the highest resistance. As may be seen from
Figure 6b, the agave-like emitters were broken near
the tip apexes because their diameter was getting
smaller and thus the resistance was getting larger.
Joule heating is the largest at the tip apex in this
case. For the hierarchical emitters, the resistance of
the junction between the trunk and top nanowire
seems to be the largest in these nanostructures. The
breakdown destroyed the whole emitter as well as
its surroundings (Figure 6d) since the trunk is rather
short (200 nm).

The findings from the present study present a new
consideration that should be taken into account in a
practice of device design. It is widely known that uni-
form emission is required for large-area device applica-
tion. The uniformity on geometrical structure in an
emitting array has been the main factor that one often
considers. However, our present finding strongly indi-
cates that the uniform conductivity is equally impor-
tant. A workable device may not be realized, even
though well-aligned arrays of nanostructure with uni-
form geometry are achieved.

CONCLUSIONS

In summary, electrical conduction and field emis-
sion measurements were performed on individual
ZnO 1D nanostructures of three shapes. Their con-
ductivity, field emission properties, and vacuum
breakdown behaviors have been investigated. Gen-
erally, the 1D ZnO nanostructures have obvious dif-
ference in resistance and thus conductivity from
type to type. In the same type of 1D ZnO nanostruc-
ture, each individual emitter may also have varia-
tion in resistance and thus conductivity, among
which a small proportion of the 1D ZnO emitters in
each type may have very large resistance. Emitters
with lower resistance exhibited better field emission
performance. The vacuum breakdown event may
be initiated at the local position of a nanoemitter,

www.acsnano.org



where highest resistance exists. Also, the findings
have demonstrated that the conductivity is a very
important factor affecting the field emission proper-
ties. The uniformity of the conductivity of the emit-

TABLE IIl. Growth Conditions for the 1D ZnO
Nanostructures

growth conditions

nanostructures a-C thickness T(K) ¢ (min) pressure gas flow

(nm) (Pa) (scem)
agave-like 150 1250 30 9.1X10*  N,:300
hierarchical 50 5 Ar: 800
pencil-like 50 30 N,: 300
METHODS

The 1D ZnO agave-like structures, pencil-like structures, and
hierarchical structures were prepared by using a thermal chemi-
cal vapor deposition process. Heavily n-doped Si wafers coated
with amorphous carbon (a-C) films were used as substrates. The
detailed growth conditions for the 1D ZnO nanostructures are
listed in Table III.

The electrical and field electron emission measurements
were performed by employing a modified SEM system, which is
equipped with a precisely manipulated (2 pm per step) anode
probe (tungsten tip with clean surface). A picoammeter with
power supply (Keithley 6487) was employed for the tests. The
typical vacuum condition for the tests was ~10~° Torr. To study
the electrical conduction characteristic of the 1D ZnO nanostruc-
tures, the microprobe was moved to attach their apexes. A
sweep voltage of 0—1 V was applied between the Si substrate
and the microprobe. Current—voltage (/—V) curves were ob-
tained, which are used for calculation of resistances. After the
electrical conduction measurements, the microprobe was
moved backward for a step of ~2 um. Then field electron emis-
sion measurements were performed.
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