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We studied the influence of adsorbates on field emission~FE! properties of well-aligned ZnO
nanoneedle arrays with varying initial electric field, vacuum gap, and ambient pressure. The FE
current exhibits hysteresis upon a loop of applied voltage. On applying an initial electric field of
3.853106 V/m, the turn-on voltage increases;50%, Fowler-Nordheim plots show better linearity,
as well as the hysteretic behavior can be annihilated. It is found that the FE current depends on the
vacuum gap and the ambient pressure. The FE current increased sensitively with increasing the
ambient pressureP when P,;731025 Pa, and it saturates in the pressure range of 7
31025– 331024 Pa above which the FE current drops. The phenomena can be explained by the
adsorbate effects. The adsorbate states modify the effective work function of the samples, and two
emission regimes, adsorption-controlled and desorption-controlled processes, were proposed. Our
results are useful for practical applications as theI –V characteristics can be affected by
environmental parameters, especially the ambient pressure. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1757653#

I. INTRODUCTION

Field emission~FE! concerning electrons tunneling to
the vacuum through a field-modified surface barrier has been
extensively studied. The Fowler-Nordheim~FN! theory of
FE has been proved to be quite successful in describing elec-
tron emission from metallic surfaces.1 However, to analyze a
FE device is often much complicated. Moreover, the appli-
cations of the FE devices, e.g., flat panel display~FPD!, re-
quire emitters exhibiting low turn-on voltage, large FE cur-
rent density, reproducibility, stability, and good retention and
fatigue-resisting properties2,3 among which some of them
cannot be explained solely on the FN theory. For example,
the shape of the emitter affects its FE properties
significantly.4–6 Emitters with large aspect ratios, such as
carbon nanotubes~CNTs!, show much better FE properties
than the flat samples due to the enhancement of the local
field.7 The prototype of CNTs-based FPD has been thus
fabricated.8 Recently, low-dimensional oxides have stimu-
lated much research interests for their potential applications
in FE devices.9,10 Compared with CNTs, oxide emitters are
more stable in harsh environment and controllable in electri-
cal properties.11–13As a wide band-gap semiconductor, ZnO
exhibits many fascinating electrical and optical properties. It
can ben-type doped with nitrogen or simply through oxygen
vacancies to reach a high carrier~electron! density, which
can support a large electron disbursement in FE operation,

i.e., a large emission current.14 Furthermore, ZnO nano-
needle arrays have been successfully fabricated recently.15,16

The high aspect ratio of the individual nanoneedle and the
good alignment between the nanoneedles can dramatically
enhance the local electrical field and thus increase the emis-
sion current. Up to now, the FE properties of ZnO nano-
needle arrays, nanorod arrays, and single nanowire have been
explored.16–18 The nanoscaled ZnO emitters may have low
turn-on voltage and high current density, which are compa-
rable to those of CNTs.16 However, the physics of the high
FE performance of the ZnO nanostructures still remains un-
clear. Donget al. proposed that the high FE originated from
adsorbates and the emission followed FN relation in the case
of single ZnO nanowire emitter,18 whereas, in general, the
effect of adsorbates on the FE properties are also ambiguous.
For the CNT emitters, different experimental results and the-
oretical models concerning adsorptions including the space
charge19 and cathode adsorption models20 have been pro-
posed. It is hence worthy to investigate the adsorption-
induced phenomena for ZnO emitters in the viewpoints of
both fundamental physics and advanced technology. In this
communication, we will discuss the effect of cathode adsor-
bates on the emission properties of ZnO nanoneedle arrays.

II. EXPERIMENTS

The ZnO nanoneedle arrays were synthesized through a
selenium-controlled vapor phase chemical reaction. The de-
tails of the growth were described in our previous paper.16 In
this work, the morphologies and microstructures of the ZnO
nanoneedle arrays were characterized using a field emission
Strata DB235-FIB~FEI company, USA! working at scanning
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electron microscope~SEM! mode and a Tecnai F30 Trans-
mission Electron Microscopy~TEM, FEI company, USA!
with field-emission gun and accelerating voltage of 300 kV.
The field-emission properties of the arrays were measured by
using a two-parallel-plate configuration in an ultrahigh
vacuum ~UHV! chamber with the lowest pressure;3
31027 Pa. The sample was adhered to one of the two
stainless-steel plates as a cathode, and the other one was put
parallel to the cathode and biased as anode. The distance
between the two poles, the vacuum gapD, was adjusted by a
fine micrometer with precision up to 5mm. The emission
current was measured using a Keithly 485 picoammeter. In
order to remove contaminants from the sample, a high-
voltage negative bias of 5 kV was applied to the tips when-
ever it was necessary before a measurement. The effect of
the electric field was studied by conducting the similar mea-
surement only without applying the initial high voltage. The
influence of the adsorbates on FE properties of our samples
was further elucidated by varying the vacuum gapD. We
also investigated the effect of the ambient pressure, which
was conducted by shutting down the ionic pump and record-
ing the pressure versus the emission current under a constant
applied voltage.

III. RESULTS AND DISCUSSIONS

A typical SEM image of the as-grown ZnO nanoneedle
arrays was shown in Fig. 1~a!. The substrate is covered uni-
formly by nanoneedle arrays with a high coverage. The
nanoneedles with very sharp tips and stem diameters less

than 100 nm are well aligned. The lengths of the nanoneedles
usually exceed 3mm. Figure 1~b! is the TEM image of the
ZnO nanoneedles showing the sharp morphologies of the
ZnO nanoneedle tips. High-resolution TEM~HRTEM! image
shown in Fig. 1~c! reveals that the lateral dimension of the
nanoneedle tip is only about 7 nm with the growth direction
of @0001#. Other characterization methodologies demon-
strated that the samples are well-crystallized ZnO nano-
needle arrays.16

To study the effect of the adsorption, we first compared
the dependence of emission current density~J! on apparent
field ~E!, which is defined as the applied voltage divided by
the vacuum gap, with and without applying the initial volt-
age. In both cases, the vacuum gap was fixed at 1300mm
with chamber pressure;331027 Pa. We emphasize that
the apparent filed is not necessarily equal to the field actually
exerting on the tips, since there are multiple tips with differ-
ent heights and variations in density which makes it impos-
sible to assume the shielding factors and to obtain the actual
field adjacent to the tips. However, using the apparent field is
convenient to elucidate the problem, since the vacuum gap is
fixed for both cases. For the measurement using the initial
electric field, a 5 kV negative bias with electric field of
3.853106 V/m was first applied for 5 min. After we turned
off the high voltage, the emission current densityJ was then
immediately recorded as a function of the apparent field. The
applied voltages were first increased from 1 kV to 4 kV
~forward branch! and then returned back to 1 kV~backward
branch! with a step of 30 V at a rate of 1 step/min. After-
wards, before our conducting next measurement, the electric
field was turned off and the sample was kept in the chamber
with the high vacuum for 24 h to get rid of the possible
influences resulting from the previous measurement. Succes-
sive comparative measurement was then conducted only
without applying the initial voltage. The results are shown in
Fig. 2, where the open-squared and solid-squared symbols

FIG. 1. ~a! SEM image showing the general morphology of the well-aligned
ZnO nanoneedle arrays grown on Si substrate.~b! TEM image of the ZnO
nanoneedles.~c! HREM image showing the tiny tip of several nanometers of
single nanoneedle.

FIG. 2. Field emissionJ–E curves with (Vi50) and without (Vi55 kV)
the initial high-voltage pulse. The hysteretic window is largely depressed by
applying the initial pulse. The inset shows the initial pulse makes the emis-
sion of the forward sweep closer to the FN behavior.
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stand for the measurements without and with the initial volt-
age, respectively~Lines in Fig. 2 are only for reference!. The
open arrow~‘‘ ↑’’ ! represents the forward branch while the
closed one~‘‘ _’’ ! represents the backward branch. Two dif-
ferences can be apparently distinguished from the two
curves:~1! For a given apparent electric fieldE, the emission
current densityJ is smaller, and hence the turn-on field is
larger when applying the initial electric field~;3 V/mm and
;4.5 V/mm corresponds to without and with the initial elec-
tric field, respectively!. ~2! Obvious hysteretic behavior is
observed in the measurement without applying the initial
electric field. The values ofJ of the backward branch~BB!
are up to 50% smaller than those of the forward one. Such
hysteretic behavior can be depressed and finally annihilated
by applying the initial electric field;3.853106 V/m ~as
shown in Fig. 2!. Such phenomena can always be observed
in all our ZnO samples and for each sample the result is
reproducible. From the above results, we can assign both the
hysteresis and its depression to the intrinsic emission prop-
erties of the samples.

To reveal the physical nature of the phenomena, the FN
plots of the forward branch~FB! and backward branch~BB!
of the two measurements are depicted as inset in Fig. 2. The
FN plots demonstrate the effect of the initial electric field as
follows. First, the linearity of the FB versus that of BB de-
pends on the initial electric field. Without applying the initial
field, the linearity of the FB is worse than that of the BB,
while the linearity of the FB is better than that of the BB in
the case of applying the initial electric field of 3.85
3106 V/m. Second, the FN slopes during decreasing the
electric field are found to be almost the same for the mea-
surements. Third, the relationships between the FN slopes of
the BBs and the FBs are found to be related to the applied
initial electric field as well. Without the initial electric field,
the FN slope of the BB is larger than that of the FB. In the
contrary, the FN slope of the BB is smaller than that of the
FB in the case of applying the initial electric field. According
to the FN theory, the slope of the FN curve,S, can be written
as,S522.833107f3/2/b, wheref is the work function of
the emitter andb is the field enhancement factor. It is clear
that the slope of the FN curve is a function of the work
function f and the field enhancement factorb. Any change
in the two quantities can affect the slope. It is well known
that b is strongly dependent on the geometric configuration
of the samples.4–6 For a single sample, the variation ofb due
to the change in its geometric configuration means that such
variation would be irreversible and a serious damage to the
morphology of the sample should be observed. In our case,
however, neither of these is true. While the emitters higher
and sharper than the surrounding ones can be dulled back
andb can thus be changed, such effect is not dominant for
our sample. In spite of some announcements thatb can be
adjusted by the space charge and other nongeometric
factors:7,21,22in our cases, we can safely assume thatb does
not change too much for the measurements because of both
the similar high aspect ratios of the ZnO nanoneedle tips and
the ultrahigh vacuum. Therefore, the variation of the slopes
of the FN curves can be mainly attributed to the modification
of the work function. The work functions are then calculated

to be about 3.6 eV~4.4 eV! for the FB ~BB! without the
initial electric field and 5.4 eV~4.8 eV! for those with the
initial electric field of 3.853106 V/m, respectively. During
the calculation, we assume the work function of the FB with
the initial voltage is the same as that of the ZnO~5.4 eV!,16

which is reasonable because the absorbates can be desorbed
by applying the high voltage. It is worthy noticing that the
work functions calculated for the other branches are smaller
than that of bulk ZnO, which is a typical phenomenon of the
cathode absorbates by inducing a number of surface states.
The formation of the surface states can thus dramatically
lower the effective work function.23–25As to the variation of
the work functions for the forward and backward branches,
we believe that the adsorbates were desorbed under the high
voltage at the last stage of the forward branch in the case
without using the initial voltage, while the adsorption rate
was larger than the desorption rate at the process of back-
ward branch as applying the initial electric field. The above
discussion is self-consistent, however, the effect of the ad-
sorbates on the FE properties has to be verified by other
experiments.

To further explore the effect of the adsorbates, we mea-
sured the emission current and the applied voltage character-
istics at different vacuum gaps~D!.26,27 Each measurement
was conducted at intervals of 24 h and a bake-out was ap-
plied before each measurement to guarantee the same initial
experimental conditions for these measurements except the
D value. The apparent electric field between the cathode and
the anode isE5V/D. Figure 3~a! shows theJ-E curves un-
der different anode-cathode distances. From Fig. 3~a! we can
see that under the same electric field the larger theD, the
smaller the emission current. Figure 3~b! shows the FN plots
with different D values. In low-electric-field region, the
emission demonstrates linear behavior in the FN plot, while
the curves deviate from linear at high-field regime as divided
by a dashed line in Fig. 3~b!. We took the transition points,
from which the FN plot deviate from linear and then calcu-
lated the electrical power density, i.e.,Ps5 jU 5 jEd. The
electrical power densities are calculated to be 632 mW/cm2,
622 mW/cm2, and 657 mW/cm2 corresponding to 520mm,
560 mm, and 610mm, respectively. At the transition points,
the electrical powers for the three distances have similar val-
ues, which suggests the existence of a characteristic quantity
related to the termination of FN behavior. The quantity can
be derived by considering the desorption process. It is the
emission current that provides the energy to remove the cath-
ode adsorbates and the desorption process can be simply ex-
pressed as

dn

dt
52An expS 2

wd

Ek
D , ~1!

wheren is the density of the cathode surface adsorbates,wd

is the absorption energy of the adsorbates on the cathode
surface, andEk is the kinetic energy of the adsorbates. The
adsorbates are directly heated by the emission current, hence,
Ek is proportional toPs . Therefore, it is reasonable to say
that the quantity we defined above iswd . Above-mentioned
analysis naturally categorizes the whole emission curve into
adsorbates-controlled and desorption-controlled regimes. In
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the adsorbates-controlled regime the emission follows the
FN mechanism, while it deviates from linearity when the
desorption process is significant. The influence of the
cathode-anode distance can also be understood in the same
absorption frame. To explain it, we first calculate the im-
pingement rate of the gas-phase molecules on the cathode
surface, because it determinates the absorption rate directly.
The mean free path of the molecules is given byl̄
5kT/(&pd2p). The typical pressure in our experiment is
about 1027 Pa, sol̄'104 m, which is much greater than the
cathode-anode distance. Hence, we can ignore the contribu-
tions from the molecules between the electrodes and the am-
bient can be treated as ideal gas in equilibrium state. A
spherical coordinate is used because it is convenient to
handle the problem, as depicted in Fig. 4. The number of the
impinging molecules on the cathode surface per unit area per
unit time is given by

G05E E E nn f~ n̄ !cosudn̄

5nE
0

2p

dwE
a

p/2

cosu sinuduE
0

`

nS m

2pkTD 3/2

3e2~mn2/2kT!n2dn

5
p cos2 a

A2pmkT
. ~2!

Because the anode area is much larger than the cathode area,
we can simply write the total impingement rate as the cath-
ode area~S! timesG0 :

G5SG05
pScos2 a

A2pmkT
5

pS

A2pmkT

D2

D21b2 }D2, ~3!

whereb is the radius of the anode and the last step is under
an approximation ofb@D. According to Eq.~3!, the absorp-
tion rate is proportional toD2, which indicates the larger the
distance, the more the adsorbates on the cathode surface in
the adsorbates controlled regime. The above analysis sug-
gests that the adsorbates can lower the effective work func-
tion. However, if the coverage of the adsorbates is too high
to impede the emission from the ZnO emitters, the emission
centers directly originate from the adsorbates, which can
lower the emission quality due to either the low electron
density of the adsorbates or the induced space charge region.
This could be the reason for the distance effects, i.e., the
larger the distance, the smaller the emission current under the
same applied field. Here, we point out that the process can
also result in the current saturation, see below and Ref. 28.

We also measured the emission current varying with the
ambient pressure to clarify our models. The chamber pres-
sure was changed from 331027 Pa to 431024 Pa continu-
ously under the applied voltage and a constant cathode-
anode distance. The result is shown in Fig. 5. It can be seen
that the field-emission current is significantly enhanced when
the pressure decreases from 331027 Pa to 731025 Pa. It is
because the decreasing of gas pressure leads to the increase
of gas molecule concentration, then a number of adsorbates

adhere to the emitter nanoneedles@see Eq.~3!, G}p], so the
adsorbates can lower the work function and make the emis-
sion current significantly enhanced. We also observed a satu-
ration region as the pressure further decreased. The satura-
tion current possibly results from the balance between the
adsorption and desorption processes, while the coverage of
adsorbates on the cathode surface still increases. As the pres-

FIG. 3. ~a! Field emissionJ–E curves from the ZnO nanoneedle arrays at
different anode-cathode distances:d15520mm, d25560mm, and d3

5610mm. The inset depicts the FN plot, which indicates in the low elec-
tronic field satisfying the FN mechanism by showing linear dependence
while in the high electronic field deviating from the FN mechanism due to
the desorption effects.

FIG. 4. Spherical coordinates sketch map of the anode-cathode configura-
tion.
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sure is larger than 3.131024 Pa, the emission current starts
dropping, which can be attributed to the over-adsorption ef-
fect as discussed above.

IV. CONCLUSIONS

In conclusion, field emission of ZnO nanoneedle arrays
consists of the emission of adsorbate states on ZnO nano-
needles. The adsorbate states strongly enhance the emission
efficiency, which can be attributed to the modification of the
effective work function of the samples by the adsorbates.
These results were strongly supported by a series of experi-
ments under different initial voltage pulses, different vacuum
gaps, as well as different vacuum pressures, respectively. Our
results should be valuable to technical application because
the design of FPD must consider the practical conditions of
the emitters.
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